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Abstract

Complex metal structures operating in harsh environmental conditions are prone to
various forms of coating failures and corrosion damage. The costly Scheduled-based-
Maintenance (SBM) strategies are practiced for metal structures that result in huge
financial overhead for industries. The current research work is aim to provide the
solutions to anticipate the condition of a metal structure in terms of corrosion damage
and coating failure for proactive and optimal Condition-base-Maintenance (CBM)

decisions.

The experimental investigation has shown that the adhesion loss between coating and
substrate system in the form of blisters is driven by complex electrochemical and
mechanical parameters. The propagation criteria can be defined through threshold levels
of bending moment incorporating residual and diffusion-induced stresses. The current
work also investigated the environmental impact on structures which are operating at
remote locations. It has been observed that the accumulation of salt particles from
atmosphere resulting in corrosion under the coating is primarily controlled by the speed
of the wind. An algorithm has been proposed that incorporates the effect of wind speed
to estimate the accumulation of salt particles and the amount of salt diffusivity.
Experimental and simulation analysis has further shown that the low wind speed and
low temperature are considered the most appropriate environmental conditions for
structures operating at remote locations. Meanwhile, the high temperature and high
wind speed can result in high corrosion damage beneath the coating. The prognostic
algorithms resulted in the development of a comprehensive Condition-based-
Maintenance framework to determine the cost-effective maintenance strategy among
Patch recoat, Part recoat and Complete recoat. The CBM framework suggests that the
Part recoating strategy is cost-effective as compared to Patch recoating strategy if the
area of the part to be recoated is ‘2x’ times larger than the area of patch and number of
path failure per year is more than ‘2°. Meanwhile, the Patch recoating strategy results in
low cost if the annual patch failures are less than 7’ and area of the part to be recoated

is ‘10x’ times larger than the area of the patch.

Real time monitoring of the impact of significantly varying operating condition for

mobile structures is very challenging for condition assessment. The combination of p-



Linear Polarisation Resistance (LPR) and p-strain gauge sensors have been investigated
to monitor the development of residual stresses and corrosion reaction beneath the
coating. The measurements from p-strain gauge sensor in response to small temperature
gradients can provide instant information regarding the development of tensile or
compressive stresses within the coating of structures as observed in experiments. The
combination of pu-LPR and p-strain gauge sensors has been found an effective solution
for proactive corrosion detection in real time for the structures operating mobile and at

remote locations.
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Chapter 1: Introduction

The NanoCorr, Energy Modelling (NCEM) research group is providing high-quality
research outcomes in detection, prevention and prognostic solutions for condition
monitoring of large and complex metal structures. The current research work is the
continuation of successful completion of research projects carried out from 2011 to
2015 by NCEM research group at Bournemouth University in collaboration with
Defence Science and Technology Laboratories (DSTL), Ministry of Defence UK and
The Tank Museum Bovington, UK (Nazir, M. H., 2015; Saeed, A., 2013). In previous
projects, the structural degradation factors in large military tanks which were operated
in World War | and World War 1l have been investigated. The research findings have
resulted in the development of the Vehicle Conservation Centre at The Tank Museum.
These investigations further lead to the development of mathematical models to define

the behaviour of various forms of structural deterioration modes.

The current project is aim to build the prognostic solutions for large vehicles
operating in remote locations. These prognostic solutions lead to the development of a
comprehensive condition based maintenance algorithm and wireless structural health
monitoring system. This project is also match funded by Defence Science and
Technology Laboratories (DSTL), Ministry of Defence (MoD), UK and Bournemouth
University (BU), UK. This chapter explains the abstract view of the project, research

question, objectives, the novelty in the project and structure of the overall thesis.

1.1 Research outline

Corrosion is an electrochemical process which involves oxidation-reduction reactions
resulting in deterioration of metal and formation of rust. The corrosion of metals
depends on various factors including the chemical composition of metal, surface
condition, grain boundary composition, crystal structures, the creation of galvanic
potentials due to the geometry of the structure, variation in temperature at the metal
surface exposed to the environment, heat transfer, humidity, wetting, salinity in the
atmosphere, wear and undesired stresses (Corrosion, 2012). A large number of factors
involved in the corrosion phenomena make it difficult and complex for accurate

prognosis. Corrosion affects a large number of industries such as Infrastructure,
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Transportation, Ultilities, production and manufacturing industry. In Infrastructure
industry where highway bridges, airports, and railroads are prone to corrosion damage
resulting in loss of strength causing major health and safety issues. In the transportation
industry, the corrosion in motor vehicles, ships and aircraft causes a major threat to
durability and safety issues. The drinking water, telecommunications, production and
manufacturing industries are also greatly affected by corrosion damage. Corrosion has
huge economic consequences on industries resulting in direct and indirect cost. The
NACE international has utilised various methods to estimate the financial impact of
cost. It has been found that corrosion and its maintenance strategies are costing almost
3.4% of global Gross Domestic Product (GDP) (Inspectioneering, 2016; Koch, G. E. A.,
2016).

Organic coatings are applied to metal structures acting as a barrier to protect them
from the surrounding environment. Although coatings play a vital role in the protection
of metal structures, they also result in adhesion loss or breakdown exposing metal to the
environment. Researchers have analysed the complex parameters involved in corrosion
and coating failure mechanisms to propose predictive and prognostic models for
condition assessment of metal structures. Efficient prognostic models can help the
organisations to make accurate life assessment and maintenance scheduling of their

structures.

Scheduled-based-Maintenance (SBM) and Condition-based-Maintenance (CBM)
strategies are commonly practised by industries. These strategies have their own
advantages and disadvantages but CBM is considered as an efficient and cost-effective
maintenance strategy as compared to SBM (Prajapati, A. et al., 2012). A large number
of organisations including the Airforce, Army, navy, marine and automotive companies
are adopting CBM strategies. The inclusion of advanced technologies by enabling
sensors, data acquisition units, data processing, data analysis and data transmission
capabilities can enhance the efficiency of CBM strategy. The real-time data monitored
from a metal structure such as vehicles or any other high-value structure can give deeper
insight on condition and performance to apply predictive models to help in sustaining
mission-critical equipment’s or structures used in automotive, manufacturing, maritime,
aerospace and other industrial domain. Although very comprehensive literature is

available on predictive models, the solutions for complex behaviour of corrosion and
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coating failure in real time environment are still scarce. The implementation of
prognostic models to predict the deterioration of structure based on real-time data and
selection of suitable repairing maintenance strategy are still challenging issues in the
CBM strategy.

The NCEM research group has been working with ‘The Tank Museum’, UK and
DSTL to propose solutions for the sustainability of the large military vehicles stationed
at ‘The Tank Museum’. The large military vehicles are assembled of complex and
numerous metal parts. They often operate in diverse and extreme weather conditions
such as coastal regions and the marine environment. The exposure of large military
vehicles to such environmental conditions results in corrosion damage, wear, loss of
coating adhesion from the metal structure, undesired stresses and fatigue cracks in the
surface and sub-surface (Saeed, A. et al., 2017). The comprehensive experimental study
has been conducted from 2011 to 2013 on large military vehicles at ‘The Tank
Museum’, UK (Saeed, A., 2013). These large military vehicles had performed during
World War | and Il. During their service life, these military vehicles were operated in
extreme weather and operating conditions in the battlefield. Now they are commonly
stationed for display under a shed in controlled environmental conditions and a few of
them outside in uncontrolled environmental conditions. Sometimes vehicles are moved
for various outside activities. The inside and outside environmental conditions of the
museum were investigated within the context of corrosion damage. The presence of
surface contaminations, corrosive pits, the inclusion of sulphide and slags resulted in
corrosion damage causes major concerns about the durability of large military vehicles.
The research findings resulted in the formation of the Vehicle Conversation Centre in
order to provide suitable environmental conditions in large military vehicles to extend
durability by preventing structural ageing. Based on observations and experimental
investigations, the multidisciplinary and state-of-the-art prognostic solutions have been
proposed in the research work from 2013 to 2015 (Nazir, M. H., 2015). The adhesion
loss and corrosion damage resulting from diffusion of corrosive products, undesired
stresses due to a temperature gradient, surface roughness and coating thickness have
been investigated and modelled (Nazir, M. and Khan, Z. A., 2017). The basic
architecture for condition monitoring is shown in Figure 1.1. It contains prognostic

models, real-time condition monitoring and proactive decision-making mechanisms for
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maintenance. The current research project was aimed to provide solutions for
Condition-based-Maintenance scheduling through Multidisciplinary and

Transdisciplinary research approaches.
1.2 Scope of the project

The current research work will contribute to academia, general industry, museums and

defence industry. The scope of the project is:
1.2.1 Museums

The prognostics solutions from current research will provide a framework for making
adequate decisions regarding conservation of the large military vehicles. The general
public visiting the museum will enjoy the historical military vehicles for an extended

time.

1.2.2 Academia

The solution in the current project based on multidisciplinary and transdisciplinary
research approach will provide a platform for the development of more complex and

accurate prognostic models for future researchers.

1.2.3 Defence industry

Air and ground military vehicles are complex objects and subjected to numerous
structural breakdown mechanisms. The solutions proposed in current work will provide
a framework to the defence industry to preserve their sensitive equipment for a long

period of time with optimised maintenance cost.

1.2.4 General industry

The proposed solutions will also help the civil infrastructure, aerospace industry and
food production industries to prolong the functional life of metal

equipment’s/structures.
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1.3 Research questions

The ambiguous nature of environmental conditions for structures operating stationary at

remote locations makes damage assessment more challenging. The rate of deterioration

for metal structure can be computed more accurately by considering the effect of

significantly varying environmental factors. The primary aim of the project is to reduce

the maintenance cost based on modern prognostic solutions which consider

multidisciplinary parameters for assessment of structural deterioration. The main

research questions for the current project can be written as follows:

What are the factors that drive the structural deterioration for the metal structures
operating mobile and at remote locations?

How the cost associated with maintenance can be reduced based on the impact of
complex mechanical and electromechanical parameters?

How to acquire critical parameters such as residual stresses in real time from
structures operating mobile and at remote locations to schedule condition based

maintenance?

1.4 Objectives

1. To analyse the behaviour of debonding driving force by performing accelerated

corrosion experiments on coating-substrate systems that contain metal and
corrosion resistant coating material commonly used in large structures.

To investigate the environmental impact on vehicles that are operating inside
and outside the Museum environment to identify the significantly varying factor
that drives the corrosion phenomena beneath the coating.

To design a Condition-based-Maintenance framework for low-cost maintenance
decisions for large and complex metal structures without compromising the
structural integrity.

To investigate the corrosion and strain gauge sensors through experimental
methods that can provide real-time information for corrosion initiation and
development of residual stresses within coating for structures operating at

remote locations.
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1.5 Methodology

The project covers a variety of aspects including prognostic modelling leading to cost-
effective maintenance strategies and the development of a wireless condition monitoring
system. Multiple methodologies have been adopted to achieve the desired objectives.
The prognostic modelling involves experimental investigation, mathematical modelling
and simulation. The development of a wireless monitoring system involves
communication hardware, microcontroller board, software and sensors. The

performance of the developed system is also analysed through experimental techniques.

1.5.1 Experimental analysis

The experimental methods for accelerated corrosion testing have been performed to
analyse the corrosion and coating failure behaviour of coated samples. The experimental
procedure involves the following steps:

e Sample preparation

e Pre-experimental analysis

e Accelerated corrosion testing
e Post-experimental analysis

e Results and discussions

1.5.2 Prognostic modelling

The behaviour of corrosion and coating failure observed through experimental
methodology has been formulated in the form of mathematical models and simulation
analysis carried out using time iterative approaches on the MATLAB platform and

Microsoft Excel.

1.5.3 Wireless Condition Monitoring System

The system contains remote terminal units and the base station. The high performance
and low-cost remote terminal units have been built. The high-performance remote
terminal unit (RTU) was built on a commercially available data acquisition unit. The
system is programmable through software called LabVIEW and can work as a

standalone processor based on the desired application. The low-cost system has been
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built on commercially available Arduino boards. They can also be programmed through
software called Arduino IDE. The sensors are attached to RTU’s and linked to General
Packet Radio Services (GPRS) module for wireless data transmission. The software at a

base station connected with GPRS module was programmed on LabVIEW.

1.6 Research novelty

Corrosion within the high-value structure is affecting a large number of organisations
resulting in a huge financial loss. The implementation of time and cost-effective
maintenance scheduling is evident. The condition assessment of high-value structures
with complex metal structure operating in a harsh environment and at various
geographical locations becomes challenging. The inclusion of all critical parameters in
prognostic modelling can provide more accurate information for efficient maintenance
decisions. The current project aimed to provide state-of-the-art condition monitoring
solutions based on multidisciplinary and transdisciplinary research approach. The
milestones achieved in the current project have been mentioned compressively in Figure
1.2.

The structures that operate at remote locations deteriorate due to blistering and
micro-cracks. These are considered two most common modes of coating failures that
have been addressed. A comprehensive prognostic algorithm based on multi-
disciplinary research has been proposed to predict the formation and propagation speed
of circular blistering failure (Latif, J. et al., 2018b) (Appendix A). It also provides
criteria for the propagation or stoppage of the blistering effect. This also led to the
development of the mathematical equations of de-bonding driving forces for straight-
sided blister (Khan, Z. A. et al., 2018) (Appendix B).

The opening of cracks within a coating allows salt particles to diffuse into the
coating-substrate system resulting in corrosion damage under the coating. The damage
rate is driven by the concentration of salt particles. The deposition of salt particles over
the metal structure depends on the atmosphere at operating conditions. The speed of the
wind and the geographical locations are the controlling factors for a deposition rate of
salt particles. An algorithm is proposed to estimate the diffusion of salt particles
depending on wind speed and geographical locations (Latif, J. et al., 2018a) (Appendix
C).
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The cost-effective recoating maintenance strategy for metal structures is very
challenging due to numerous influential factors. The transdisciplinary research approach
has been used to integrate a multidisciplinary prognostic algorithm to the cost of
maintenance to provide a framework for the evaluation of optimal recoating

maintenance strategy discussed in Chapter 5 (Appendix D).

The real-time condition monitoring requires a wireless remote terminal unit with
sensors and software at the base station to store and analyse real-time data. The
corrosion sensor has already been investigated and experimented in the previous
projects within NCEM. In the current project, the p-strain gauge sensor is investigated
to monitor the tensile and compressive stresses within coating (Khan, Z. A. et al., 2017)
(Appendix E).. The corrosion monitoring sensor based on linear polarisation resistance
method to monitor electrochemical changes and micro-strain gauge sensors used to
monitor mechanical changes within a coating are embedded with Global System for
Mobile (GSM) communication system to develop the wireless remote terminal unit. The
remote terminal unit is able to provide the measurements of critical parameters from
metal structures operating stationary in a controlled environment or a remote location or
mobile. Two remote terminal units are developed as one is developed with

commercially available high-performance data acquisition units (National Instruments).

The second remote terminal unit is low-cost named as NCEM_Smart v1.0 developed
using commercially available microcontroller boards to install on a number of target
vehicles to be monitored. The performance of NCEM_Smart v1.0 is evaluated with the
high-performance remote terminal unit in laboratory experimentation. The software for
the base station is also programmed to acquire and store real-time data for analysis. The
developed condition monitoring system will also help in future research findings in
corrosion and coating failure for the remote and mobile structure and in extending the
research work for civil, aerospace and marine applications within NCEM research
group. The development of the condition monitoring system has been discussed in detail
in Chapter 6.
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1.7 Structure of the thesis

The chapters in the report have been organised as shown in Figure 1.3. There is a total
of seven chapters in the report. The abstract view of the overall project including
research outline, the desired objectives and the methodology has been explained in this
chapter. The comprehensive literature review is elaborated in Chapter 2. It includes the
basic concepts of corrosion and common modes of coating failure. The latest research
findings leading to the development of prognostic models are also mentioned in detail.
The cost associated with maintenance in the defence industry and the maintenance

strategies are also given in the chapter.

The blistering and micro-cracks are the two most common modes of coating failure
found on large vehicles at “The Tank Museum” have been addressed. Chapter 3
explains the formation and propagation speed of blistering failure through experimental

methods leading to the development of the prognostic algorithm.

Chapter 4 includes the condition monitoring of a large vehicle at “The Tank
Museum” to investigate the environmental impact on the structure. The prognostic
model for deposition rate and diffusion rate of salinity for structures operating at various
geographical locations has been proposed and simulation results have been discussed in
detail.

A comprehensive multidisciplinary algorithmic approach has been proposed in
Chapter 5 to provide optimal maintenance solutions for metal structures. The prognostic
models elaborated in previous chapters have been linked with maintenance cost to
evaluate optimal recoating strategy among Part recoat, Patch recoat and Complete
Recoat. The algorithm estimates the optimal recoating strategy based on specifications

of coating material, structural material and operating conditions.

The accurate life assessment and the selection of an optimal maintenance strategy for
metal structures based on real-time parameters are evident for critical structures.
Therefore, Wireless Condition Monitoring System has been developed in the current
project. It includes the development of remote terminal units along with base station
system explained in Chapter 6. Chapter 7 includes the conclusions resulting from

objectives achieved in current project leading to future recommendations.

10
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Chapter 1 This chapter explains the abstract view of research background, scope of project, research question, target objectives
Introduction along with the novelty in the research and development of current project.

|

Chapter 2
Literature Review

This chapter contains comprehensive literature review that covers corrosion theory, failure modes in
protective coatings leading to latest prognostic modelling. It also contains the conventional method of
condition monitoring techniques and maintenance strategies for metal structure.

|

‘ Chapter 3 This chapter illustrates the coating failure in the form of blistering. The experimental method to
Blistering failure investigate the blistering effect and development of the prognostic algorithm has been discussed.
This chapter explains the experimental investigations of corrosion monitoring of military tank at Chapter 4

“The Tank Museum” leading to the development of a prognostic algorithm for diffusion of salinity

through micro-cracks or porous medium within the coating. Micro-cracks and Diffusion

This chapter explains a comprehensive Condition-based- Maintenance algorithm to evaluate /
optimal maintenance strategy for large metal structure by combining prognostic models for 4—' Condition-based-Maintenance

coating failure and cost factors.

( Chapter 6
This chapter contains the development of a condition monitoring system which includes wireless remote . p .
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terminal units with various sensors and software at the base station for real-time condition monitoring. Syst
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The milestones achieved in the current project can lead to the development of an Inclusive condition Chapter 7
monitoring. The conclusion and future recommendations have been provided in this chapter. Conclusion and Future work
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Chapter 2: Literature Review

The aim of the current research project is the development of a condition monitoring
system to provide efficient maintenance framework for large structures such as military
vehicles. The project covers various aspects of the research and development of
condition monitoring application and it requires in-depth understanding of failure
mechanism, modern prognostic solutions and condition monitoring techniques.
Therefore, this chapter provides comprehensive literature regarding these key elements
and the chapter has been divided into four sections as shown in Figure 2.1. These four
sections include corrosion theory, protective coatings, maintenance strategies and the
conclusion resulting from the literature. The basic concepts of corrosion, the complexity
in modelling corrosion phenomena and corrosion monitoring techniques have been
mentioned in corrosion theory. The complex parameters involved in coating failure
mechanism and modern prognostic models for the assessment of coatings are elaborated
in Protective coatings section. The cost of maintenance, implications and the strategies
practised by organisations are explained in Maintenance strategies. In the end, the
research gaps identified in literature in developing condition monitoring system has

been summarised in Conclusion.

Literature Review

A 4 \ 4 \ 4 \ 4

p
Corrosion theory [ Protective coatings } Maintenance strategies } [ Conclusion }
N

Figure 2.1: Contents of chapter

2.1 Corrosion theory

The corrosion phenomenon is referred to as an electrochemical process that results due
to the formation of oxidation-reduction reactions within the metal (Corrosion, 2012).
The oxidation and reduction sites appear randomly within metal depending on the

crystalline structure of the metal. The presence of electrolyte (usually water), oxygen
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and metal are necessary for the formation of the electrochemical reaction. The loss of
electrons at oxidation site results in deterioration of metal strength. The corrosion

reaction in iron is shown in Figure 2.2.

Fe(OH),
///' T ‘\k
P D
// \\\
//
/7/ \
W
Fe2t  Anodicsite g Cathodic site

e

Metal

Figure 2.2: Corrosion reaction (Latif, J. et al., 2018a)

The anodic site produces ferrous (Fe*?) ions by losing electrons as:

|
Fe — 2e~ + Fel,

The water and oxygen combines with electrons to produce hydroxide OH~ ions as:

2H,0 +4e™ + 0,4y — 40H

The reaction of Fe*2 ions with OH~ ions produces porous rust Fe(OH), (s) & follows:

1l
Fe(aq + 30Hgq — Fe(0H);

The Fe(OH), crystallises into Fe,0,.H,0 which is red brown rust known as

rusting. The anodic and cathodic sites can be or cannot be near to each other. The
deviation in acidity (pH) will also affect the corrosion process. The release of electron
increases at low acidity (pH) which accelerates the corrosion reaction. The presence of
pollutants/corrosive elements in electrolyte also results in an increase in the rate of
corrosion (Perez, N., 2004; Revie, R. W., 2008). The corrosion phenomena is one of the
main factor of deterioration in metal structures including military vehicles which can
occur in various modes depending on operating environmental conditions, properties of
material, geometry of structures and time of exposure to harsh atmospheric conditions

(Saeed, A. et al., 2015). The corrosion in critical components can results in loss of
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strength leading to the destruction of complete structural failure resulting in financial
loss and safety hazards. The large numbers of organisations are affected by corrosion
including transportation, civil infrastructures, utilities, production and manufacturing
(Javaherdashti, R., 2000).

2.1.1 Reasons for corrosion

The contact of metal with meteorological factors results in corrosion which can be a
small pit or it could escalate over the metal structure leading to partial or complete
failure. There could be numerous reasons for corrosion including operating conditions,
material of structure, presence of corrosive elements and bio-organism, metal-to-metal

contact and temperature. Few of them are explained below:

2.1.1.1 Structure material

The selection of material is based on cost, physical and mechanical properties, so it can
be welded, designed into desired shapes conveniently.Therefore, the corrosion resistant
property of the material is given secondary priority. Carbon steel is most commonly
used material for the manufacturing of metal structures (Keytometals). The use of
Aluminium military vehicles has greatly increased in past few decades because of its
reduced weight and corrosion resistant properties in order to improve the vehicle
mobility, less prone to corrosion in marine applications and convenience in maintenance
(Totalmateria, Jul-2004). The cost of steel and aluminium fluctuates depending on
demand and global supply but generally, steel is cheaper than aluminium (Hornbacher,
A).

2.1.1.2 Operating conditions

Once the metal structure is installed for service, the operating environmental conditions
play a major role in determining the durability of the metal structure. The critical
threshold level for relative humidity was found to be 80% (Latif, J. et al., 2018a).
Therefore, the corrosion reaction can even occur when the relative humidity is higher
than the critical threshold level and the temperature is above than 0°C. The corrosive
elements such as the presence of salinity in the atmosphere, pH factor, temperature
gradient and other biological organisms influence the corrosion reaction (Corvo, F. et

al., 2008). The intrusion of water into the structure and its confinement within the areas
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of structure which are difficult to access to monitor or within components makes the

structure susceptible to corrosion damage.

2.1.1.3 Metal-to-Metal contact

The formation of an electrochemical cell for corrosion reaction requires an anodic site
to release electrons which are consumed by the cathodic site in the presence of
electrolyte that could be the wetness with corrosive elements. This phenomenon can be
established through metal-to-metal contact within the structure (Corrosion, 2012;
Javaherdashti, R., 2000; Revie, R. W., 2008).

2.1.2 Atmospheric effect on corrosion prediction

Several methodologies have been applied to predict the corrosion damage including
mathematical models, probabilistic approaches and neural networks. In the past, the
environmental impact on corrosion has been investigated at various geographical
locations to propose prognostic solutions. The relation between meteorological factors
and corrosion damage was proposed using an exponent of power-law (Feliu, S. et al.,
1993a; Feliu, S. et al., 1993b). The researchers attempted to propose a general equation
for complex corrosion phenomena that could be applicable to any geographical region.
The regression models were proposed after monitoring the corrosion rate of carbon steel
at 43 different locations (Revie, R. W., 2008). The corrosion of carbon steel has been
investigated in indoor and outdoor environmental conditions of Cuba (Mendoza, A. R.
and Corvo, F., 2000). There is no corrosion damage in the absence of water and
mathematical models described earlier do not result in zero in the absence of water.
Therefore, an appropriate term for time-of-wetness is added in the model along with
parameters including sulphur dioxide, salinity and temperature (Klinesmith, D. E. et al.,
2007).

The proposed mathematical solutions for prediction of corrosion damage which are
mentionend in previous section have not shown significant accuracy. The experimental
finding has shown a significant difference in estimation of corrosion damage in diverse
environmental conditions. The meteorological factors vary significantly over different
geographical locations, therefore the power law function is not an appropriate solution
for corrosion prediction in real time scenario especially for structures which are

operating remotely and mobile.

16



Chapter 2: Literature Review

2.1.3 Weather conditions at Dorset

The large military vehicles at The Tank Museum operate under severe and harsh
environmental conditions of Dorset, UK. More than 300 large military vehicles are
operating stationary at Museum or remote locations. The military vehicles were
subjected to harsh atmospheric conditions during service life in past, therefore various
modes of deterioration have been identified. The atmospheric conditions of Dorset, UK
where these military operating was analysed through world weather online
(Worldweatheronline). The rain is a source of water which is an essential element for
corrosion reaction. The number of rainy days per month for three years from 2014 to
2016 at Dorset, UK is shown in Figure 2.3. It can be seen that the Dorset has frequent
rain throughout the calendar year. The critical threshold level for humidity to initiate
corrosion is 80%. The data for relative humidity recorded for three years shows that
most of the time during the calendar year, the level of relative humidity remains greater
than the threshold level as presented in Figure 2.4. The entrainment of salt particles
begins at wind speed equal to 3 m/s. The average wind speed in Dorset always remained
greater than 3 m/s as shown in Figure 2.5. The high deposition of salt particles can be
expected over the surface of large military vehicles. The diffusion of salt particles is
also one of the major factors that resulted in various modes of corrosion damages in
large military vehicles. The Valentine Tank stationed at The Tank Museum is operated
for indoor and outdoor activities. The environmental impact of Dorset has resulted in

deterioration of Valentine Tank as shown in Figure 2.6.
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Figure 2.3: Rainy days at Dorset for 3 years (Latif, J. et al., 2018a)
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Figure 2.4: Relative humidity at Dorset for 3 years (Latif, J. et al., 2018a)
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Figure 2.5: Wind speed at Dorset for 3 years (Latif, J. et al., 2018a)

767003

(@) Valentine tank stationed at “The Tank Museum”

(b) Inside condition of Valentine Tank
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(d) Coating failure at edges of the vehicle structure

Figure 2.6: The Valentine tank at the tank Museum before maintenance

2.1.4 Corrosion monitoring techniques

Corrosion monitoring techniques are generally characterised as direct or indirect
techniques. The direct corrosion monitoring techniques measure the change in potential
or current resulting from corrosion reaction. While the indirect corrosion monitoring
techniques estimate the outcome of corrosion reaction that corrosive elements may exist
(Roberge, P. R.). Some of the most commonly used corrosion monitoring techniques are
listed in Figure 2.7.
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Corrosion Monitoring Techniques ‘
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Figure 2.7: Various corrosion monitoring techniques

The corrosion monitoring techniques can be intrusive or non-intrusive. The intrusive
method requires access to the structure. The Corrosion Coupons, Electrical Resistance,
Inductive Resistance Probe and Linear polarisation resistance techniques are Intrusive,
while corrosion potential and chemical analysis techniques are non-intrusive. Every
technique has its own advantages and disadvantages. The Corrosion is estimated by
measuring weight loss of sample due to corrosion reaction in Corrosion Coupons
method. This method is reliable but it requires significant time and it cannot be used for
online or real-time corrosion monitoring. The Electrical Resistance method measures
the corrosion rate by measuring the change in resistance of the material. The resistance
of material changes due to metal loss resulting from corrosion reaction. Although, it can
be used to take frequent measurements at any time but it requires calibration with the
properties of structural material. The Inductive Resistance technique also works as an
Electrical Resistance technique but it measures weight loss through a change in
inductive resistance and offers high sensitivity as compared to Electrical Resistance.
The Electrochemical Impedance Spectroscopy is a powerful technique for accurate
corrosion monitoring by applying signals of low amplitude. Although, it provides very
accurate measurement in a controlled environment but it is highly prone to noise in
fielded environmental conditions. The Linear Polarisation Resistance technique also
provides one of the efficient and powerful methods for direct and on-line corrosion
monitoring based on the three-electrode system. It requires relatively clean electrolytic
environment for successful measurements. In the current project, the Linear Polarisation
Resistance sensors are used for the experimental study of corrosion monitoring and

development of condition monitoring system.
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The Ultrasonic and Radiography techniques are indirect, non-intrusive and non-
destructive corrosion monitoring methods. They can also provide accurate detection and
measurement of corrosion rate but these techniques require significant time like
Corrosion Coupons method and they cannot be utilised for the online or real-time

corrosion monitoring system.
2.2 Protective coatings

Protective coatings are applied to preserve the high-value metal structures from factors
causing corrosion damage. They act as a barrier between metal structure and
environmental factors to sustain and prolong their functional life for a long period of
time. The metal structures without protective coatings are highly receptive towards
corrosion which results in minimum functional life. While protective coatings provide
an adequate solution to increase the durability of functional life. Coatings play a key
role in many applications including thermal sensing instruments, optical filters,
electronic semiconductor devices, magnetic recording media, transportation, defence
organisations and many other applications. Although, various distinct coatings are
utilised for numerous applications but they are generally characterised as Organic and
Inorganic Coatings. While the current project is primarily focused on high-value metal
structures as military vehicles which are operating at The Tank Museum, Bovington,
UK. The organic coatings are applied to a military vehicle to preserve them from
harmful factors causing a threat to their structural integrity. The organic coatings are
applied to metal structures in liquid form with the help of a brush or spray gun. The
protective coatings are also prone to various modes of failure exposing the metal
structure to a corrosive atmosphere. The inappropriate pre-treatment and preparation of
the metal surface, unsuitable selection of coating material, inappropriate drying process,
mechanical damage and lack of protection from corrosive environmental conditions are
considered primary reasons for various coating failure modes. These factors
individually or in combination results in loss of adhesion between coating and metal
substrate (Saeed, A. et al., 2017; Saeed, A. et al., 2015; Saeed, A. et al., 2016). There
are several coating failure modes including blistering, micro-cracks, stress corrosion
cracking, microbial corrosion and several other failure modes. The interfacial adhesion

of coating of military vehicles at The Tank Museum is highly influenced by corrosive
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atmosphere while operating outside in uncontrolled and diverse environmental
conditions in Dorset which resulting in coating failure leading to corrosion damage
under the coating. In predictive modelling, the current project focussed on developing
algorithms based on critical parameters to predict the failure mechanism for proactive
maintenance decisions. The blistering effect and corrosion under the coating due to the
presence of micro-cracks has been addressed in the current project. The coating failure

modes have been elaborated in the following section.

The coating failure at the interface of coating and metal substrate appears in several
forms depending on influential parameters. The blistering and micro-cracks are very
common coating failure phenomenon that involves a large number of complex
parameters. The blistering effect leading to complete disbandment of the coating from
the metal substrate, micro-cracks causing corrosion beneath the coating has been found
to be one of the major factors in the deterioration of large military vehicles at The Tank
Museum (Saeed, A. et al., 2017).

2.2.1 Blistering failure

The blistering defects appear at the interface of coating and metal substrate due to
properties are driven by external environmental conditions or the pressure generated
from the concentration of impurity ion concentration or spots with loose bonding
between coating and metal substrate (Chuang, T. et al., 1997; Hutchinson, J. et al.,
1992; Hutchinson, J. W., 1996). The formation of blister depends on various reasons
mainly characterised as Osmotic blistering and Non-Osmotic blistering. In Osmotic
blistering the coating buckles away because of molecules of moisture which are
transferred through a semi-permeable membrane. The coating and metal substrate
system operating in an environment with high humidity level are highly susceptible and
affected by Osmotic blistering. The contamination of aqueous solution within coating or
change in temperature across the coating and metal substrate system plays a major role
as driving forces for the propagation of osmotic blisters. The relative humidity level
around The Tank Museum always remains high throughout the calendar year, therefore,
causing a serious threat to the structural integrity of large military vehicles (Latif, J. et
al., 2018a). The blister that occurs due to inappropriate environmental conditions during

the application of a coating or due to the properties of the metal substrate is called Non-
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Osmotic blistering. These blisters are also called bubbles which often occur due to an
inappropriate thickness of the coating and unsuitable temperature during the drying
process. The application of coating over the porous medium of the substrate often traps
air or moisture which results in bubbling effect. The non-osmotic blistering (bubbling)
effect doesn’t always occur over the coating but it can also occur within the coating

(Chuang, T. et al., 1997; Machen, J. D., July 12, 2016).

Comprehensive literature is available to explain the complex parameters which are
responsible for the formation and propagation of blistering failure. The loss of adhesion
in the form of blister at the interface of the coating-substrate system is illustrated in
Figure 2.8. Consider the coating buckles away from the substrate due to the pressure ‘P’
generated by impure ions or compressive stresses within the coating or in a combination
of both factors. The thickness of the coating and substrate is shown by ‘h’ and ‘s’. The
‘0’ is the height of blister and ‘R’ is the radius if blister. The coating and substrate are
isotropic materials. The properties of isotropic materials such as Elastic Modulus and
Poisson’s ratio show the same behaviour in all directions. The Karman nonlinear plate
theory is used to explain the formation of blistering under R/h > 1 assumption
(Ventsel, E. and Krauthammer, T., 2001). The stresses appear within coating when it
buckles away from the substrate is known as critical stress (Hutchinson, J. et al., 1992;
Hutchinson, J. W., 1996). The threshold value of critical stress at which the blister

formation begins is given as:

h E
o, = [E] [1.22235 — vz] 21
According to the relation for critical stress shown above, it depends on the thickness
of the coating and also on mechanical properties of coating material including Elastic
Modulus ‘E” and Poison’s ratio ‘v’. The energy required to produce blister is called as

Energy release rate. The relation for energy release rate’ G° is given as following

(Hutchinson, J. et al., 1992):

2
—_ [n2 o h?AN 6(1—v%)
G=[m+ /12]l oTE 2.2
According to Equation 2.1, the energy release rate is also a function of bending

moment ‘M’ and change in resultant tress-force ‘AN’ at the crack tip. The bending
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moment ‘M’ describes the bending of the coating layer with respect to the neutral point
of axis due to applied moment of force based on the cantilever beam theory concept
(Hutchinson, J. W. and Suo, Z., 1991). If the coating has thickness ‘h’ and stress or

force applied is denoted by oy then the resultant bending moment with respect to the

4

neutral point of axis ‘x,,’ can be given as:

h
M = f of(x — xp)dx 2.3
0

The relation for energy release rate can also be written as following (Nazir, M. et al.,
2015d):

6(1 — v?) 2.4

G = M? [E—iﬁl [1 + (kx/ﬁ)z]

The ' n ' indicates the de-bonding index which defines the buckling of the coating
from the substrate. The de-bonding index is the ratio of stress on the coating and critical
stress level as 'Nn= o/0,/. If 'n<1',itis assumed that there is no blistering and
coating-substrate system is in safe condition, If ‘N =1’ then the coating-substrate
system is assumed to be in critical situation and ‘N > 1’ shows the formation of blister

assuming the coating-substrate system in fail state.

The fracture mechanics explains that the growth rate of the blister is driven by mode
I and mode 1l state of stress intensity factor at the crack tip of blister (Irwin, G. R.,
1957). The cracks are characterised into three different types of deformation as Opening
crack (mode 1), Shearing crack (mode Il1) and tearing crack (mode Ill) as shown in
Figure 2.9 (Maiti, S. K., 2015).

s Substrate

Figure 2.8: Parameters in blister failure
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'

Mode [: Mode II: Mode II:
Opening In-plane shear Out-of-plane shear

Figure 2.9: Modes of fracture (Roylance, D., 2001)

The coating blister cracks more likely to propagate in opening mode (mode I). Consider

stress acting on as object inducing crack as shown in Figure 2.10.

TTT

bbd

Figure 2.10: Direction of stresses and crack

The stress intensity factor for crack can be defined as (Maiti, S. K., 2015):

5= K 2.5(a)
Vrx
K = ovnx 2.5(b)

The intensity of stress at the crack tip is defined by the combination of stress ¢’ and
crack length ‘x’. The amount of energy release rate needed to propagate the crack at the
interface depends on the ratio of mode Il and mode I called as mode mix. The mode mix
is defined as:

Ky V3(§/W)tanw + 4 2.6

tan = —=
A V3(6/h) — 4tanw
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Where ' ¢ also known as dimensionless phase angle is used to determine the relative
proportion of shearing crack (mode 1) to opening crack (mode I). The bi-material factor
w depends on Dundur’s elastic mismatch parameters ‘o’ and ‘B’ (Maiti, S. K., 2015;
Suo, Z. and Hutchinson, J. W., 1990). The parameters ‘o’ and ‘B’ denotes the mismatch
in extensional stiffness and volumetric stiffness between two bonded materials such as
coating and metal-substrate (Hutchinson, J. W. and Suo, Z., 1991; Schmauder, S. and
Meyer, M., 1992).

a= [E.— E;]/[E. + Es] 2.7
1 [E(1 - )1 - 2v) - E(1 - v)(1 - 2v,) 2.8
T4 (E. + E)(1 — v)(1 — vy)

The value of ‘e’ and ‘B> = 0 if there is no elastic mismatch between coating and
substrate and value of bi-material factor ‘@’ is also zero. The parameter ‘B’ makes
complications in interfacial fracture mechanics application, Hence its value is

approximated to zero.

The blister can propagate in the form of a circular shape or it could either propagate
as straight-sided shape. The straight-sided blister has two ends labelled as front and side
as shown in Figure 2.11. The front and side have different energy release rates which
force the blister to propagate in straight-sided shape. The front end has a small energy
release rate as compared to side end but the side end experiences very low effective
toughness as a result blister crack propagates at the front end. Separate relations for
energy release rate have been formulated for the front end and side end as shown in the

following equations (Choi, S. R. et al., 1999).

Gsige = Go (1 - %) (1 + 3%) 2.9(a)
Gfront = Go (1 - %) 2.9(b)

The ‘Ggiq." represents the energy release rate at side end and "Gy, represents the
energy release rate at the front end of the straight-sided blister. The 'G,’ referes to the

steady state energy release rate defined as:

1—p? 2.9(C)
2E

GO = O_Zh
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Substrate s

Figure 2.11: Straight-sided blister

The formation and propagation of circular blisters and straight-sided blisters occur
due to osmotic or non-osmotic pressure leading to various morphologies including
telephone cord such as worm-like and network-like blisters (Chuang, T.-J. et al., 1999).
The instability of blisters either circular or straight-sided commonly leads to telephonic
cord shape due to high coupling stress greater than critical level. The numerical
simulation results show that the propagation of blister in the form of telephonic cord
and network-like shapes is highly influenced by stresses within coating and adhesion
strength at the interface of the coating-substrate system (Ni, Y. and Soh, A., 2014).
According to literature, it can be concluded that the study of the combined effect of
diffusion-induced stress and compressive stress can give better understating of blister
formation and propagation in the form of different morphologies (Nazir, M. et al.,
2015b; Nazir, M. et al., 2015c, 2015e).

The researchers have investigated the complex blistering mechanism to develop a
better understanding of the parameters involved in blister formation and propagation in
order to propose prognostic models to evaluate the effective performance of protective
coatings. The literature review has shown that the blistering mechanism requires
incorporation of various complex multidisciplinary parameters for more accurate
mathematical modelling. Some of the prognostic models developed for a blistering
mechanism in recent years have been shown in Table 2.1. The mathematical models
represent the relation for the energy release rate as a function of various parameters. The
relation for energy release rate as a function of the height of blister and pressure was
developed after investigating the mechanical properties through applied load and shaft
displacement (Wan, K.-T. and Liao, K., 1999). The thickness of the coating was
incorporated to develop mathematical relations for energy release rate in (Bressers, J. et
al., 2000). Another simple relation for energy release rate was derived as a function of

blister height, poisson’s ratio and pressure (Jahnsen, H., 2001). The mechanical
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property of coating such as Elastic modulus along with blister height and pressure
combined to derive a mathematical relation in (Galindo, R. E. et al., 2005; Kappes, M.
et al., 2010) for the blistering mechanism. Later on, the fracture mechanics concepts are
combined with diffusion parameters to propose a prognostic model in (Prawoto, Y. and
Dillon, B., 2012). The configuration of blister along with the strain and stress fields in
the outer region of blister has been considered to model adhesion energy for
nanomembrane (Ma, Y. et al., 2018). Although numerous mathematical relations were

derived but there were still grey areas needs to be addressed.

NCEM research group has investigated various critical parameters through
experimental methods to propose comprehensive mathematical models for coating
failures. The holistic models are based on electro-chemistry, material science and
mechanical parameters. The Khan-Nazir and Khan-Nazir 11 models are the state-of-the-
art inter-disciplinary prognostic models proposed and experimentally validated by
NCEM research group. The Khan—Nazir Il is the synergistic wear-corrosion model to
define delamination of nanocomposite coatings (Nazir, M. H. et al., 2018b). Previously
developed synergistic models were valid for only bulk materials. The Khan-Nazir 1l
model can be applied to bulk materials and nanocomposite coatings. It has been
formulated on Nano-mechanics, Archard relation and Electro-chemistry concepts to
model the combined effects of wear and corrosion.

The Khan-Nazir model proposed in (Nazir, M. and Khan, Z. A., 2017) defines the
energy release rate of the coating-substrate system. The formation and propagation of
blistering failure is a combined effect of complex parameters. The Khan-Nazir model
has been developed by integrating fracture mechanics and diffusion concepts. It
formulates the propagation of blister at interfacial crack tip due to the accumulative
effect of residual and diffusion-induced stresses. The model is also investigated for
various other parameters including coating thickness, thermal mismatch, interfacial
toughness and roughness of coating-substrate system. The model also contains mode
mix function which is elaborated earlier in this section. The model can be used to
estimate the useful life of a part/component of the structure. Therefore, the model is
further linked with growth rate in the current project to propose an algorithm that is

explained comprehensively in Chapter 3.
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Table 2-1: Prognostic models for coating failure in the recent years

Developer
Model

Khan-Nazir

Yong Ma et.al

Prawoto et.al

Kappes et.al

Galindo et.al

Volinsky et.al

Jahnsen et.al

Bressers et.al

Wan et.al

p = blister pressure ;8 = blister height; E = young's modulus;r = blister radius ;

depth of cavity

6(1—v7)

E,h3

M?+ (0.2(1 +vc)j

1.25 scl[

a’. E% 6
1-v?)

Blistering Model

1

Pi dv a(Z)

priE? 1/6
17.4h
\Jp.C.8.E

p.8(1—-v})
2f

py(1-v?)
26

d,a?+Cia? s

00.2(1+v.) + 0.2(1 + v2)

.

(af1.P% + 2 agp.py + aiyp?)

(

p

P

1)

Reference

(Nazir, M.
and Khan, Z.
A., 2017)

(Ma, Y. et
al., 2018)

(Prawoto, Y.
and Dillon,
B., 2012)

(Kappes, M.
etal., 2010)
(Galindo, R.
E. et al,
2005)

(Volinsky,
A. et al,
2002)

(Jahnsen, H.,
2001)

(Bressers, J.
et al., 2000)

(Wan, K.-T.
and Liao, K.,
1999)

d, =

Per = critical pressure; p; = Initial pressure; p, = ambient pressure ; ay = radius of cavity

M. = bending moment of film substrate system due to blistering; C, = Volume coefficient

h = film thickness; C and f depends on the geometry
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2.2.2 Micro-cracks and stress factor

Protective coating layer applied on metal structures acting as a barrier from external
influential parameters to avoid corrosion also breaks down in the form of micro-cracks
within the coating. The corrosion reaction is an electrochemical process but this process
is also highly affected by materialistic and mechanical properties of the coating and
metal-substrate system (Zhao, X. et al., 2013). The development of micro-cracks within
the coating breaks the protective layer. These micro-cracks become the passage for
corrosive elements to pass through and react with metal-substrate and initiate corrosion
reaction (Holmberg, K. and Mathews, A., 1994). The developments of residual stresses
are responsible for the contraction and expansion of micro-cracks. The behaviour of
micro-cracks was investigated through experimental findings. The stresses within
coating are characterised as intrinsic and extrinsic stress. The intrinsic stresses develop
due to the defects or dislocation in the coating and extrinsic stress depends on adhesion
of the coating and metal-substrate system. The mismatch in coefficient of thermal
expansion between the coating and metal-substrate materials induces compressive or
tensile stresses (Hutchinson, J. W., 1996; Totten, G. E., 2002). The relation for stress is

given as follows:

o =E(e —aAT) 2.10
Where ‘¢’ is the stress resulting from Elastic modulus’E’, strain 'e’, coefficient of
thermal expansion ‘@’ and temperature gradient’AT’. The product of coefficient of
thermal expansion ‘a’ and temperature gradient ‘AT’ drives the stress behaviour within
the coating. The positive temperature gradient (AT > 0) results in compressive residual
stress causing contraction within coating micro cracks resulting in decrease in the
diffusion of corrosive elements. Although, the decrease in diffusion of corrosive
elements also reduces the diffusion induced stress but compressive residual stress tends
to increase. When compressive residual stress is higher than a certain level where the
coating particles cannot further contract, the coating layer begins to lose adhesion from
metal-substrate and buckles away resulting in the formation of a blister. The blistering
effect results in an increase in diffusion induced stress by opening contracted micro
cracks wider (Hutchinson, J. W., 1996; Liu, X. and Frankel, G., 2006; Nazir, M. et al.,
2015b).
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On the contrary, the negative temperature gradient (AT < 0)  results in the
development of tensile stress within coating causing expansion of micro-cracks. The
expansion of micro-cracks allows corrosive elements to diffuse resulting in increasing
diffusion-induced stress. The tensile stress and diffusion-induced stress are driven in the
same direction due to the negative temperature gradient exposing metal-substrate. The
increase in tensile stress causing widening of micro-cracks and allowing corrosive
elements to diffuse into the coating and metal-substrate system to initiate corrosion
reaction. The increase in exposure of metal substrate accelerates the corrosion damage
at the interface of coating and substrate (Hutchinson, J. W., 1996; Nazir, M. et al.,
2015b).

2.2.2.1 Diffusion of Corrosive elements

According to research findings in the past, the development of the porous region or
micro-cracks allows corrosive elements to diffuse into the coating and metal-substrate
system results in corrosion damage under the coating as shown in Figure 2.12. The
corrosion rate is directly proportional to the diffusion of corrosive elements into the
coating and metal-substrate system (Riemer, D. P. and Orazem, M. E., 2005; Zhao, X.
et al.,, 2013). The corrosive elements from the surrounding environment accumulate
over the coating and metal-substrate system such as the salt particles in the air deposits
over metal structure (Meira, G. et al., 2007). These salt particles diffuse through micro

cracks or porous medium resulting in corrosion reactions.

Corrosive particles
S Tensile stress

- A
| v Coating |

ﬂbstrate

Corrosion reaction

Figure 2.12: Diffusion of salt particles and corrosion reaction

The formation of electrochemical cells at the interface of the coating and metal-
substrate system also decreases the strength of bonding between coating and metal
(Grundmeier, G. et al., 1998; Grundmeier, G. et al., 2000; Stratmann, M. et al., 1994).
The coating starts acting like a jelly medium where the electrochemical cells under the
coating are active (Firbeth, W. and Stratmann, M., 2001; Grundmeier, G. et al., 2000).

The diffusion rate of corrosive elements depends on various factors including the
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concentration of corrosive elements, relative humidity, temperature and exposure time
of the structure. In the current research, the accumulation of salinity and its diffusion
has been addressed. The rate of change of concentration of salt particles over time

depends on migration, convection and diffusion (Bastidas-Arteaga, E. et al., 2011).

as
i dif fusion + migration + convection 2.11(a)
n
as 1 i
=== Z [Da, (T, RH, t)VS, + zDa S;V® + jmSs + R + Sg] 2.11(b)

én=1

The <dS/dt’ is the rate of change of salt particles over time depending as a
summation of diffusion, migration and convection. The convection and migration
factors are neglected in current research. The ‘T, RH, t’ represents temperature, relative
humidity and time of exposure, respectively. The 'D, ' represents the diffusion
coefficient which defines the amount of salt particles diffused into the coating and metal
substrate system. The diffusion coefficient in a porous medium is lower by a order of
two as compared to the diffusion coefficient in aqueous medium (Nazir, M. and Khan,
Z.A., 2017).

1 2 2.12
s Ds.sraf (T)f(RH)f (L)

In order to predict the corrosion damage under the coating, the accumulation of the

Dy

concentration of salt elements and the factors driving the diffusion process needs to be
addressed. The concentration of salt depends on the speed of wind (Levin, Z. and
Cotton, W. R., 2008) and a diffusion phenomenon depends on meteorological
parameters including temperature, relative humidity and time of exposure. The speed of
wind is a very diverse factor which varies from time to time and from location to
location. Furthermore, the quantity of salt particles in the atmosphere also varies from
location to location such as the atmosphere of the coastal region contains a high amount
of salt particles as compared to the atmosphere in the non-coastal region. The
accumulation of hygroscopic particles on the solid surface structures has been described
by the concept of aerosol physics. The wind speed can be considered as key parameters

to determine the amount of deposition rate on the solid surfaces. The wind speed at
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3ms~1 is considered a threshold level at which entrainment of marine aerosol initiates
(Morcillo, M. et al., 2000).

2.3 Maintenance of structures

The maintenance is characterised as the actions carried out to restore or retain the
structural systems to a sustainable condition. The condition of structures depends on
operating condition, material, mechanical and physical characteristics (Harris, S. et al.,
2006; Nielsen, J. S. and Sgrensen, J. D., 2018; Prajapati, A. et al., 2012; Tam, C. and
Stiemer, S., 1996a). The component failure or structural breakdown is more likely to
take place during operations. The delay or halt in services causes huge financial loss to
organisations in the form of direct and indirect cost. The maintenance of structures is
necessary in order to ensure their availability and to maintain service life for a long
time. The maintenance includes various activities which are also associated with cost.
The scheduled recoating maintenance is applied to a large number of military vehicles
at The Tank Museum without the consideration of cost implications. The maintenance
of critical equipment in the defence industry is an essential and important activity for

their availability.

2.3.1 Cost of corrosion and maintenance

The maintenance has been daunting and expensive activity in the organisation for
maintainability of critical and high-value structures. Various maintenance
methodologies are applied to minimise system failures. In the past decades, the financial
impact on capital budget resulted from corrosion damage and associated maintenance
activates have been estimated. The cost of corrosion and maintenance includes the
accumulative cost of inspections, corrosion prevention methods, maintenance activities,
research and development for optimising solutions. According to the latest findings, the
corrosion results in 3.4% of direct cost to capital budget and indirect cost make this
percentage twice (Inspectioneering, 2016). The large numbers of organisations are
affected by the consequences of corrosion including automotive, utilities and especially
defence sector. The military spends around 23 % of its budget on corrosion and
maintenance related activities (Herzberg, E. F. et al.,, 2006). The efficient

implementation of corrosion prevention and maintenance techniques can result in a cost

34



Chapter 2: Literature Review

saving of around 15% to 35%. The Logistic management Institute (LMI) government
consulting organisation estimates the annual cost of corrosion and associated
maintenance activities. The applied methodology has been authorised by Corrosion
Prevention and Control Integrated Team (CPCIPT). It considers three schemas for cost
calculation as mentioned in Table 2.2. Several reports have been issued by LMI
organisation on the annual cost of corrosion of ground, marine and air vehicles
(Herzberg, E. F. et al., 2006).

In 2016, the LMI has published the latest stat on the annual cost of corrosion for
military vehicles. The equipment of army cost around $3.1 billion of the amount which
is about 15% of total expenditure associated with maintenance (Hertzberg, E., 2016;
Herzberg, E. F. et al.,, 2006). The activities related to maintenance including
inspections, washing, cleaning, recoating, drying and other surface treatments incur the
highest corrosion cost. The research findings have shown the dependency of
deterioration of structures on multidiscipline parameters. Therefore, appropriate
selection of recoating strategy for individual structure can results in cost reduction

through minimising maintenance activities.

Table 2-2: Factors considered for estimating the cost of corrosion

Schema Description

Depot: The corrosion related cost on maintenance of depot where vehicles

1. are stationed.

Field: The cost of corrosion maintenance at field level.

Outside normal reporting: The cost of corrosion related maintenance not

considered in conventional maintenance reporting scheme.

Corrective: The cost of maintenance of existing corrosion issues.

2. Preventive: The cost of a proactive measure for possible corrosion threats.

Parts: The direct corrosion cost of removable parts.

3. Structure: The direct corrosion cost of the structure.

2.3.2 Maintenance strategies

Industrial organisations apply various maintenance strategies to maintain their

structures. They are also continuously looking for optimal and efficient strategies to
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improve operational activities. The optimisation framework for maintenance can result
in cost savings as the activates associated with recoating maintenance incur most of the
corrosion cost according to LMI findings (Herzberg, E. F. et al., 2006). Maintenance

strategies are normally classified into following:

e Corrective Maintenance (CM)
e Time-based-Maintenance (TBM)
e Condition-based-Maintenance (CBM)

Corrective Maintenance is considered a most inefficient strategy for critical
structures as the failure is rectified after detection. Time-based-maintenance is carried
out after fixed time intervals and irrespective of the condition of the structure. The
frequent inspections are not required in TBM but this strategy is inefficient for the
structures which are subjected to diverse atmospheric and operating conditions (Au-
Yong, C. P. et al., 2013). Condition-based-Maintenance strategy is most commonly
implemented in organisations for critical and high-value structures. CBM modelling is
based on diagnosis, prognostic models, operational activities of structures, data mining
of huge measurements collected from sensors, Artificial intelligence and maintenance
history as shown in Figure 2.13 (Prajapati, A. et al., 2012). The CBM can be further
classified into three categories as Discrete-state deterioration, Proportional hazard
model and Continuous-state deterioration (Alaswad, S. and Xiang, Y., 2017). The
Markov and Semi-Markov process are types of Discrete-state deterioration models. The
Markov process predicts a future event of breakdown based on only the current situation
while Semi-Markov process also includes the previous incidents. The common
Continuous-state deterioration models include the Gamma process, Inverse Gaussian
process and Brownian process are also practised for maintenance in various industrial
organisations (Si, X.-S. et al., 2011; Ye, Z. S. and Xie, M., 2015).

Condition-based-Maintenance

A 4 \ 4 \ 4 A 4 A 4

Diagnosis [ Prognostics ] [ Data mining ] [Artiﬁcial Intelligence] Maintenance history

Figure 2.13: Methods involved in Condition-based-Maintenance
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The recoating maintenance activities account for the highest cost of corrosion and
maintenance. Therefore, the maintenance optimisation framework for recoating of
structures can result in significant cost saving. The latest research findings have
addressed the effect of multidisciplinary parameters in the deterioration process as
discussed in previous sections of this chapter. The conventional stochastic CBM models
do not include the multidisciplinary parameters. The appropriate selection and
monitoring of these multidisciplinary parameters can result in more accurate and cost-

effective prognostics for CBM.
2.4 Conclusion

The Condition-Based-Maintenance is considered the most efficient and accurate method
of maintaining the critical and high-value structures. The maintenance decisions within
CBM are based on diagnosis, prognostics and data mining. The latest research findings
have identified various parameters that have an impact on the service life of structures.
The inclusion of those parameters in prognostics can improve the efficiency of CBM.
The conventional methods of maintenance do not consider the complex parameters of

structural deterioration.

e The coating failure in the form of blisters is very common deterioration
mechanism. The formation of blister failure due to the combined effect of
diffusion-induced stress and residual stress has been modelled in literature.
According to recent experimental investigations, the de-bonding driving at the
coating-substrate interface is driven by the development of stresses. The models
for the propagation of blister failure is also present in literature but it does not
include the effect of diffusion-induced stress and residual stress. Therefore, the
algorithm is required to incorporate the effect of stresses for estimation the rate

of blister propagation.

e The coating failure in the form of micro-cracks occurs due to poor coating
application or mechanical damage. The variation in environmental conditions
results in the opening of micro-cracks and also diffusion of corrosive elements
through these micro-cracks. The high-value structures such as military vehicles

at The Tank Museum operate stationary at remote locations in harsh
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environmental conditions of Dorset. The presence of salt particles in atmosphere
accumulates over the surface of military vehicles. The diffusion of salt particles
through micro-cracks results in corrosion beneath the coating. The deposition
rate of salt particles depends on wind speed which makes the prediction of the
diffusion rate of salt particles for vehicles operating in diverse conditions more
challenging. The model is required to estimate the diffusion of salt particles

depending on the speed of wind for the structures operating at remote locations.

e The coating failures in the form of blisters and micro-cracks lead to the
breakdown of the protective barrier exposing metal structure to atmospheric
conditions. The recoating maintenance is required to retain the condition of the
structure. The recoating maintenance includes various activities such as drying,
washing, surface treatment and inspections. The recoating maintenance incurs
high cost in the defence industry. The research findings have shown that the
accurate prediction and appropriate selection of coating-substrate system
specifications can improve performance. The increase in performance can result
in fewer inspections and recoating maintenance. Another factor is the recoating
maintenance strategy depending on size and geometrical configurations of an
individual structure. The appropriate selection of recoating maintenance
strategies depending on the surface area to be recoated, size of the structure and
its part can also result in cost savings. The Condition-Based-Maintenance
algorithm is required to incorporate the complex parameters and surface area of
the individual structure to be recoated to evaluate optimal recoating maintenance

strategy.

e One of the most important aspects of efficient Condition-Based-Maintenance for
structures operating at remote locations is the collection of real-time parameters.
The wireless condition monitoring system is required to acquire real-time
measurements. The developed algorithms are based on temperature, humidity,
corrosion reaction and development of stresses in the coating. Therefore, the
sensor suite in wireless monitoring system should monitor these critical

parameters for efficient prediction and future research objectives.
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Chapter 3: Blistering Failure

According to the literature, the effect of multidisciplinary parameters in blistering
failure makes the structural prognostics more challenging. The blistering failure results
in debonding of the coating from the metal substrate that leads to exposure of the metal
structure to the surrounding environment. The blistering is one of the most common
modes of coating failure found in large military vehicles at ‘The Tank Museum, UK.
An efficient condition monitoring system for maintenance of structures requires
accurate prognostics of coating failures. Although the existing models do incorporate
critical factors, the implementation issue of these models in condition monitoring for
maintenance of structures in industries still needs to be addressed. The prognostic
algorithm for the formation and propagation of blistering failure has been proposed in

the chapter and elaborated as shown in Figure 3.1

Blistering failure J

> Experimental methodology

A

Prognostic modelling

-

Coating life assessment algorithm

v

Results and discussions

!

Conclusion

Figure 3.1: Contents of the chapter

An algorithm for the formation of blister and propagation is proposed to evaluate the
effective adhesion life of the coating-substrate system. The adhesion depends on
complex multidisciplinary parameters including mechanics, material science and
fracture mechanics concepts (Hutchinson, J. et al., 1992; Hutchinson, J. W. and Suo, Z.,
1991, Jahnsen, H., 2001; Ni, Y. and Soh, A., 2014; Prawoto, Y., 2013; Volinsky, A. et
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al., 2002). The de-bonding driving force defines the adhesion between coating and
substrate has been formulated. The proposed algorithm indicates the formation of blister
by classifying safe, critical and fail states. After the formation of blisters, the algorithm

also classifies the conditions for blister growth and estimates the speed of growth rate.
3.1 Experimental methodology

The accelerated corrosion testing has been performed in the laboratory for blistering
failure analysis. The experimental methodology includes various steps including sample
preparation followed by pre-experimental analysis to analysis the surface roughness and
thickness of the coating. After applying accelerated corrosion testing the surface

roughness was again measured for blistering analysis.
3.1.1 Sample preparation

The substrate samples of Structural steel were used for experimental investigation. The
Structural steel is used in a wide range of applications due to its guaranteed strength and
welding properties. It offers various grades with specific chemical and mechanical
properties depending on chemical composition. The chemical composition is structural
steel S275 is shown in Table 3.1. Three samples of Structural steel S275 were coated
using the spray gun method. The Elastic modulus and the coefficient of thermal
expansion of S275 are 210 GPa and 12x10%/°C, respectively (Gilber, N., May 11 2012).

Table 3-1: Composition of Structural steel S275

Particles C% Mn% P% S% Si%
Quantity 0.25 max 1.60 max 0.04 max 0.05 max 0.05max

The red-oxide primer and alkyd coatings which are used in ‘The Tank Museum’ for
reacting maintenance of military vehicles were applied on samples. The red-oxide
primer coating on the metal surface acting as base coat provides protection from
corrosion reactions. The top coat can be applied over re-oxide primer coating which is
mostly for decorative purposes. The sample surface was polished with an emery paper
of grit size 200 to produce roughness. The 3D Optical Surface Profilometer was used to
measure the roughness of surface before coating. The Turco 4215 NC-LT solution was

used to clean samples after polishing. The samples were rinsed with de-ionised water
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and dried in cold air. The conventional spraying gun method was used to apply red-
oxide primer coating over the surface of substrates. The fluid tip of the spray gun and
working pressure were 1.4mm and 3.5 bar, respectively. After applying the red-oxide
primer coating, the samples were kept to dry for 24 hr at 293.15K before applying the
next coat. The Elastic modulus and the coefficient of thermal expansion of red-oxide
primer are 6.14 GPa and 21.6x107%/<C, respectively (Nazir, M. et al., 2016b). Three
samples were prepared as shown in Figure 3.2. The sample 1 was coated with a single
layer of red-oxide coating which is labelled as ma ono-layered sample. The sample 2
was coated with base coat of red-oxide primer and top coat of Alkyd. The sample 3 was
coated with two layers of red-oxide and a single layer of alkyd coating. The samples 2

and 3 are labelled as Bi-layered and Tri-layered, respectively.

Substrate

Substrate

(@ Mono-layered (b) Bi-layered

Substrate

(c) Tri-layered

Figure 3.2: Coating layers applied to samples

3.1.2 Pre-Experimental analysis

The roughness of the samples surface was measured before and also after applying the
coating. One of the novel non-contact optical methods of measuring surface profile is
White Light Interferometry as shown in Figure 3.3. It can measure surface profiles of
3-D structures which vary between tens of nanometres and centimetres. MetroPro 8.3.3
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is used to analyse surface profiles. The pits, grooves, volume loss, size and depth of cracks
can also be measured using White Light Interferometry. The roughness was measured on
multiple locations on each sample. The average value of roughness is given in Table
3.2. The surface roughness of sample Bi-layered before coating was highest and

remained highest after the coating also as compare to Mono-layered and Tri-layered.

Figure 3.3: White Light Interferometry

The thickness of the coating-substrate system was measured through Scanning
Electron Microscopy (SEM). The microstructural characteristics of the material can be
measured using SEM in high resolution. The finely focused beam of electrons scans
points by point of the surface of the material which is classified as secondary electrons
and back-scattered electrons. The SEM images are produced through secondary
electrons that emits from the surface with low energy and grain structures are
determined through back-scattered that emits deep from the sample with high energy
(Goldstein, J. I. et al., 2017; Hall, C. E., 1953). The state-of-the-art JSM-601 PLUS/LV
SEM model as shown in Figure 3.4 was used to measure the thickness of the samples.

The cross-sectional SEM images taken to measure the coating thickness of all three
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samples are shown in Figure 3.5. The values of the coating thickness of all three
samples are listed in Table 3.2. The Mono-layered sample has a minimum thickness of
red-oxide primer coating layer of 0.035mm. The top coat was also applied to the Bi-
layered sample which has coating thickness of 0.083. In the Bi-layered sample, the
thickness of red-oxide primer coating layer and top coat layer are 0.046mm and
0.037mm, respectively. The Tri-layered sample has highest coating thickness of
0.125mm as it contains two layers of red-oxide primer and one layer of top coat. In the

Tri-layered sample, the thickness of red-oxide primer coating layers and the top coat

layer are 0.086mm and 0.039mm, respectively.

. S

SEI 10vK WD11mmSS50 SEI 10vK WD11mmSS50
x200 100um x200 100um
(d) Mono-layered (e) Bi-layered
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— e ST

WD11mmSS50
x200 100um

(f)  Tri-layered

Figure 3.5: The cross-sectional SEM images for coating thickness (Latif, J. et al., 2018b)

Table 3-2: Coating thickness and roughness of samples (Latif, J. et al., 2018b)

Average roughness (Ra)

Samples Pre-coating | Post-coating | Coating Thickness mm
Mono-layered 0.328 1.63 0.035
Bi-layered 0.488 1.72 0.083
Tri-layered 0.384 1.53 0.125

3.1.3 Immersion Test

The accelerated corrosion environment is provided by submerging the test samples in
water to evaluate the performance of the material in laboratory experimentation. The
degree of acceleration can be increased by increasing temperature, pressure or
electrolyte in liquid solution. The presence of salt particles in the atmosphere is the
primary source of salinity over the surface structure which is operating at remote
locations. The salt particles increase the rate of corrosion reaction and diffusion-induced
stresses (Lim, C. et al., 2012; Lin, S. and Hwang, C. C., 1995; Nazir, M. et al., 2016b).
The temperature gradients and contamination of water-soluble salt particles are driving
forces for Osmotic blistering (Machen, J. D., July 12, 2016).
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The corrosive aqueous solution of 5 Molar (M) Sodium chloride (NaCl) was
prepared in distilled water. The solution was stirred constantly to completely dissolve
the salt particles. The Mono-layered, Bi-layered and Tri-layered samples were
degreased with acetone before submerging in an aqueous salt solution as shown in
Figure 3.6. The samples in salt solution were kept in an environmental chamber as
shown in Figure 3.7 to provide temperature between 320K to 350K. The samples were

monitored continuously until circular blisters are visible through magnifying glass.

Figure 3.6: Coated samples inside aqueous salt solution

Figure 3.7: Environmental chamber
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3.1.4 Post-Experimental Analysis

The samples were carefully taken out from the environmental chamber after visually
inspecting the blistering failure on all three samples. The wet samples were dried at very
low cold air. The samples were carefully placed on the stage of White Light
Interferometry to scan surface profile for all three samples. Multiple blisters have been
observed on all three samples at various locations but no significant variations have
been found in the size of the average blister. The amplitude of several blisters was
measured on several stages during the immersion test and average blister form each
sample is shown in Figure 3.8. The highest amplitude of blisters developed on Mono-

layered coated sample has been found as compared to the other two samples.
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B ZYygo Profile Plot

+20.00000

-10.00000

(c) Tri-layered

Figure 3.8: Surface profiles of samples after the experiment (Latif, J. et al., 2018b)

3.2 Prognostic modelling

Latest research findings have revealed that the process of coating delamination is driven
by the combination of complex multi-disciplinary parameters. The prognostic models
have been derived that incorporate the concepts of material science, solid mechanics
and fracture mechanics. These prognostic relations predict the circular blister failure of
coating substrate-system and estimate the propagation speed of blister. The fusion of
multi-disciplinary concepts in the development of prognostic models has been
elaborated in the flowchart shown in Figure 3.9. The residual and diffusion-induced
stresses are one of the major factors that drive the blistering failure (Lim, C. et al., 2012;
Lin, S. and Hwang, C. C., 1995; Nazir, M. et al., 2015b; Nazir, M. et al., 2016b).

The solid mechanics defines the residual stress which depends on temperature
gradient ‘AT’ Elastic modulus 'E’ , strain '&" and coefficient of thermal expansion 'a’ of
the material (Hsueh, C.-H., 2002).

o, =E(&— aAT) 3.1(a)

The temperature gradient ‘AT’ and coefficient of thermal expansion ‘a’ in Equation
3.1(a) can be correlated to the conncentration gradient ‘c’;, and partial molal volume
“V, ' of component ‘k’, respectively (Zhang, X. et al., 2007). The relation for diffusion-

induces stress can be written as:
1, 3.1(b)
O'd:E(E— gckvpk)

The relation for diffusion-induced stress for the substrate can be written as:
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1
O-ds = ES (8— § Cks Vpks

,> 3.2(a)
The relation for diffusion-induced stress for coating materials can be written as:

1
o-da' = ECi (8 - §

The diffusion-induced strain ‘¢’ is the combined effect of bending component ‘e’

[ .2
Cry; Vo ke, ) wherei =1...nlayers 3:2(b)

and uniform bending’e,’ as’'e = €, +¢,". If the coating thickness, substrate thickness
and curvature are represented by 'h’,’s’and ‘p’, then the relation for uniform strain ‘s’
can be written as ‘e, = x —t,/p’ for (h = x = —s). The bending strain is zero when
the coating remains undamaged or intact to substrate then ‘x = t;,". The strain in the

coating-substrate system will become equal to uniform strain only as, ‘e = ¢, . In order

to simplify the rest of calculation in modelling, the terms c,'(j =§ ik Vp, =§ V, ks'

and j = s, ¢;. The average stress distribution for multi-layered coating-substrate system

can be derived by using Equations 3.2(a) and 3.2(b) as:

0 1 _
E(e ——c’Vks)dx
']-_S N Ug 3 kS p N 33

n h; 1 ,
+ Z J ECi <€ud - § Ckcin ket ) dxa- =0
i=1Jp;_,4

The relation for uniform bending strain for the multi-layered coating-substrate system

can be derived from Equation 3.3 as:

. = (Ess cp Vi, + Xty Eit; Cr,Vp k) where i
ta ESS + Z?=1 Eiti 3.4

=1...nlayers
The uniform bending strain can be written in the following form by using the first order

approximation method as:

Et; (Ck pk - CI,cSVka) )
Euy =Vp ks Cr, + where i 35

=1...nlayers
The applied moment ‘M'is in equilibrium condition at 'x = t;, then the applied moment

per unit width of multi-layered coting —substrate system can be written as:
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f_s og,(x — tp)dx + Zl 1f Oq,. (x —ty)dx = 26

The incorporation of Equations 3.2(a) and 2(b) in Equation 3.4 results as:

0 1
f Es (Su - § Cllcsz Ks ) (x - tb) dxs
-s

n hi 1 _
+ E f E (eu -5 Sk, Voka ) (x —ty)dx,; =M
=1 h;_y 3

The solution of Equation 3.7 can be used to derive Bending curvature which is

3.7

represented as 'p,’.

Pa 3.8
_ 3[Es(&n — ik Vp ks) s?— YL Eit (& — Cr,Vp kl) (2hi—y + t)] +6M
ESSZ(ZS +3 tb) + Z?=1 Eiti [6h12_1 + 6hi_1ti +2 tlz - 3tb( 2 hi—l + tl)]

The resultant force for the multi-layered coating-substrate system can be assumed to be
zero due to uniform stress components, and then Equation 3.6 can be written as:

f ogq,(x — tp)dx + Z f adc (x—t,)dx=0
-5 i=1 hi_ 3.9

The incorporation of Equations 3.2(a) and 3.2(b) in Equation 3.9 results as:
0 1
f Eg (eud ~3 CrVp ks ) (x — tp) dxg 3.10
=S

n hi 1
+ Z j- Eci (gud - § Cka pka > (x tb)dxci =0
=1 h;_4

The solution has been simplified as the thickness of the substrate is greater than the
thickness of coating layers (Hsueh, C.-H., 2002). The relation for bending curvature can

be derived by ignoring applied and using the first approximation method as:

3.11(a)

n ’ ’
1 . Z Eit; (ckVor, — i Vo k)

E.s?
i=1 s
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The bending curvature for each coating in the coating-substrate system can be written

as:

1 6 Eiti (c,'(in k, — C;fsz ks) 311(b)

p_di Egs?

Therefore, Equation 3.11 (a) can also be written as:

3.11(c)

P
I
(INGE
i)
R

=1

The mathematical relation for uniform bending strain ‘e, , due to residual stress can

also be derived as:

Eit; (a; — as) AT here i
s where i 312

n
&y, = agAT +
i=1
=1...nlayers

Similarly, the relation for bending curvature due to residual stress can be derived as:

pr

1 _ zn: Eiti (ai - as) AT
= Egs? 3.13
=

Residual Stress o, = Diffusion Induced Stress

1
E (g — aAT) ag =E (e — Ec'kVpk)
Bending Model for residual Bending Model for diffusion
stress induced stress
1/p, =f(a,) 1/pg =fla,)

Material Science
+
Solid Mechanics

8y
VJje= —<Hoa+a,)

v

Fracture Mechanics
G

7]

F=

Assessment Model for
Multi-layered Coating

Figure 3.9: Multidisciplinary research approach for prognostic modelling (Latif, J. et al., 2018b)
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3.2.1 Integration of diffusion and bending model

Linear beam theory models the deflections of the beam from a neutral point of axis due
to stress and strain factors. It has been used to derive the bending models for deflection
of thin coatings from a neutral point of axis (Zhang, N.-H. and Xing, J.-J., 2006). The
bending models based on residual stress and diffusion-induced stresses are merged to
include the combined effect of both factors in blistering failure. The concept of
diffusion defined by Fick’s Law has been integrated with the bending model. According
to the first law of Fick’s, the change in chemical potential is directly proportional to
diffusion flux (Mejlbro, L., 1996). The relation of chemical potential of isotropic
materials given in (Li, J. C.-M., 1978) as:

ug = ui +RT In(c) = Vprog
3.14
where 'J.", ‘D', "¢y, 'V and 'R’ represents diffusion flux, diffusion coefficient,
concentration of the species, gradient of chemical potential and molar gas constant,
respectively. The thermodynamics state is defined by the gradient of chemical potential.

The chemical potential in standard state and in stressed state of coating are represented

by ‘w3’ and “u?’, respectively.

Fick’s second law describes the gradient of concentration of species with respect to
time. It can be used to estimate the transport rate of corrosive species in coating layer
(Nazir, M. et al., 2016b).

6Ck V_ka
— = D V¢, — L
St KV Ck

V, D
L CkV2 (04

Ve, V(og + o,) — RT 315

+ g,)
Equation 3.15 gives the change in concentration of corrosive species due to
diffusion-induced and residual stresses with respect to time which has been derived and
experimentally validated (Nazir, M. et al., 2015b). The diffusion model can be written

for the substrate as:

SCk V. k Dk
S =D, V¢, — 258 ge +
St ks V' Ckg RT Cks (O-Ts O-ds) 316(8.)
_ Vp ksDks

o7 CkSVZ(Urs + ads)
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The diffusion model for the multi-layered coating-substrate system can be written as:

2
5Ckc. chi ECinkc. azck chi ECL-VkZC. 6Ckc. 2
st )\t ToRT ke | B2y 9RT ( st ) 3.17
Dy E Vi OCk (1 1
9RT o6t \pq, Pr
. i 9dc Eg 9ar,
Terms can be replaced as: —l— e o
dog, 00y,
or=0,+ o, = -+ —
R T dx 3.18(a)
dog, 00y
l+ —l
ot ox 3.18(b)
2 2
chi ECinkci azckc chi ECinkCi 6ckci 2
D, ¥ ——oRT— ke, | 32 * T ORT 5t

2
ch Vpkc. 6Ckc.
9RT ot

d

dog,. .
where ' o7' is the total stress resulted from diffusion induces stress ’Tc"and residual

doy
the c;
stress | ———L ¢

3.2.2 Fracture mechanics concept

The process of coating delamination of the multi-layered coating-substrate system can
be investigated using concepts of fracture mechanics. The de-bonding driving force
which defines the bonding strength of the multi-layered coating-substrate system has
been derived (Faulhaber, S. et al., 2006). When the stresses generated within the
coating-substrate system reaches a certain level at which the blistering failure initiates is

called critical stress which is written as (Hutchinson, J. et al., 1992) :

E Ten\2
o, = 12235 ———— ( ”’)

1-v2) \r 3.19
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where 'T,,’, r', ‘E' and "v' are the total thickness of coating, radius of blister induced
due to blistering failure between coating and substrate, Elastic modulus and Poisson’s
ratio of coating material, respectively.

The blistering failure in the multi-layered coating-substrate system has already been
investigated using concepts of fracture mechanics (Choi, S. R. et al., 1999; Faulhaber,
S. et al., 2006; Hutchinson, J. et al., 1992). The fracture mechanics concepts used for
coating delamination of multi-layered thermal barrier coating can also be applied to
other multi-layered coating-substrate systems (Choi, S. R. et al., 1999). The critical

stress level for multi-layered coating-substrate systems can be defined as:

2 1
Ocr z = (xl+1 ty)® — (x; — tp)°] 3.20

roor L rr

where ‘o', 'r', 'x{,, and 'x;" represents critical stress level for multi-layered

coating, radius of blister, top and bottom locations of i*" coating layer, respectively.

The adhesion strength between coating and substrate depends on strain energy release
rate. The strain energy release rate ‘G, stored in the multi-layered coating-substrate
system that can be released by plane strain without blistering failure is given as
(Faulhaber, S. et al., 2006) :

n
24 BT 3.21
l:

The strain energy release rate ‘G’ in the multi-layered coating-substrate system as a
function of bending moment 'M’, resultant pre-buckling stress ‘N’, bending stiffness

‘B’ and stretching stiffness ‘S’ can be defined as:

G = - + N

2B 28 3.22
I~ E
2N P e V3 (e — )
B - 321 (1 _viz) [('xl+1 tp) (xl tp) ] 322(a)
L=
n

S= ) Gt

B £ (1 —v;2) "t 3.22(b)
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The Equation 3.22 can be solved by incorporating the parameters of bending stiffness

‘B’ and stretching stiffness ‘S’.

L 2
3 1-v?) l 1 Ja— l
G’ — _z MZ 1 + — T , = 1
2LE; (Xipg — ) = (Xigr — p)° 2 o =D | 503

The resulting strain energy release rate Equation 3.23 is similar to the equation

derived for the single-layered coating-substrate system in (Nazir, M. et al., 2015d). The
de-bonding driving force which defines the adhesion strength of the coating-substrate

system depends on the strain energy release rate ¢’ and mode mix function’j'.

G' 3.24
F = ]—

INTS 3.25
s 2 _
J = sec [(1 EC}\> ‘IJ]

The strain energy release rate is mode dependent which can be adjusted by
dimensionless mode mix function. The mode mix function for the isotropic coating-

substrate system can be defined as:

tan K, V12 + (T, AN /AM) tan w
any = — =
Ki —V12tanw + (T;4AN/AM) tanw 3.26

3.27

The research findings have revealed the dependency of delamination mechanism of
the coating-substrate system on numerous multidisciplinary parameters. The de-bonding
driving force has been formulated which is a function of various parameters including
coating thickness, elastic modulus, Poisson’s ratio, interface roughness of the substrate
toughness, bending moment, diffusion-induced and residual stresses. The relation has
been experimentally validated for single layer coating-substrate system in (Nazir, M. et
al., 2015d).
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2 e w i+ g (Ja=D)]

E; (xi41 — tp)3 — (- tp)3 3.28(a)

2
( FIC) V 12 + (TthAN/AM) tan w
1+ tan — =
EcA) —\12tanw + (T,,AN/AM)

The term ' N’ is defined as the de-bonding index which defines the safe, critical and
fail states of the coating-substrate system. The state of the system depending on three
conditions of the de-bonding index is given in Table 3.3. The safe state means that the
blister has not occurred because the resultant stress hasn’t exceeded the critical stress
level (n< 1). The critical state of the coating-substrate system occurs when resultant
stress is equal to critical stress level (n= 1). The fail state of the coating-substrate
system is considered when resultant stress exceeds the critical stress level (N> 1). The
mathematical relations of de-driving forces for the straight-sided blister have also been
derived and discussed in (Khan, Z. A. et al., 2018) and Appendix B.

Table 3-3: De-bonding index for the coating-substrate system

Condition State
n<1 Safe
n=1 Critical
n>1 Fail

In order to derive the critical de-bonding driving force 'F,,’, the condition Nn= 1 can be

inserted into Equation 3.28(a) to derive the following expression as:

(1-v?) 2
3 3 M
E; (i1 —tp) — (xi—tp) 3.28(b)

2
I'ic 1
1 + tan <<1 - _Ec7\> “ono a)>

3.2.3 Blister growth rate model

3
72?=1

cr

The inflation of blister is controlled by the bending moment which establishes at the
edges. The cantilever beam theory can be utilised to estimate the growth rate of the
blister. The total bending moment as a function of total stress ‘o', amplitude of blister

'w’ and coating thickness 'T;," can be written as:
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MO = Tth waor 3.29
The blister will not propagate if the value of bending moment is lower than the
threshold level of bending moment (Chuang, T. et al., 1997). The equation of threshold

level of bending moment for the multi-layered coating-substrate system can be written

n El, ;
MTh = 0.73 ’z m fa O-TTth 3.30
i=1

where 'E;’ and 'v;’ are the modulus of elasticity and Poisson’s ratio of i*coating layer,

as:

respectively. The growth rate of blister depends on various factors including stresses,
temperature, material properties of coating and blister size. The blister will not grow if
the velocity of blister growth is less than its threshold level. The expression for

threshold velocity can be written as:

—0.25

Gf 1.25 [Db 8, Q

3
Z(l—v 12

where ‘D, and 'Q’ represents the interfacial diffusivity and volume of the diffusing

V,im = 1.83 ( 331

species, respectively. The dimensionless expression for blister growth velocity has been
given as (Chuang, T. et al., 1997):

V= [m + m]z.s 3.32

The relation in Equation 3.32 is also applicable for ‘m>1" and 'v>1", where v =

min

and m = 134—" . When the blister initiates, the bending moment is considered as initiation
Th

bending moment 'M;,;’. The bending moment at the initiation of blister can be

estimated through the relation given in (Martin, J. et al., 1990) as:

n 3
Zi=1Ei Ten™ w
a2

The Equations 3.30 and 3.33 can be used to predict whether the blister will grow or

M;n; = 3 3.33

not. If the value of bending moment at blister initiation 'M,,,;" is greater that than the
threshold value of bending moment 'My,,’, the blister will propagate. In the opposite

condition, the blister will not propagate as shown in Table 3.4.
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Table 3-4: Blister propagation criteria

If My, <M, Blister = grow

If My, >M;,,; Blister = grow

3.3 Coating life assessment algorithm

The prognostic modelling for blister formation and propagation lead to the development
of an algorithm for coating life assessment. The Nazir-Khan model proposed in recent
research has been further extended for the multi-layered coating-substrate system
(Nazir, M. et al., 2016a). The proposed prognostic algorithm calculates the de-bonding
driving force as a function of multi-discipline parameters and also estimates the growth
rate of the blister. It can be used for the assessment of effective life of coating and speed

at which blister failure propagates.

The proposed coating life assessment algorithm has been shown in Figure 3.10. The
algorithm takes various input parameters including material and mechanical properties
of coating-substrate materials. The value of critical de-bonding driving is calculated at
which coating-substrate system is considered in the critical state. At the next stage, the
algorithm computes the current value of de-bonding driving force. The current value of
de-bonding driving is then compared with the critical level to find the current state of
the coating-substrate system. When the de-bonding driving force surpasses its critical
level then the blister is considered to be developed and the system is in fail state as

shown in Table 3.5.

Table 3-5: De-bonding driving force to define the state of the coating-substrate system

Condition State
F < F,, Safe
F =F,, Critical
F > F,, Fail

57



Chapter 3: Blistering Failure

When the blister initiates, the bending moment is considered as initiation bending
moment ‘M,,;’. The algorithm computes threshold value of bending moment 'My;" to
estimate whether the blister will stop or propagate. If the condition is 'My;, < M;,,;’ then
the Dblister will propagate at a certain velocity. The algorithm can also estimate the
growth rate of blister. The proposed prognostic algorithm provides a comprehensive
solution for coating life assessment and the speed at which failure is propagating which

can be used to estimate the coating failure on the component of structures.

Start v
Mini = Mo
l .
[ yes

E,v,h,Ra,a Compute Mth(E,w,h)

e

Compute Fer

If Mini > MTh_—Nc

Compute F(h,E..) |
yes
l If continue —
— IfF=>Fcr —— T‘r
Compute velocity of
blister growth End

Figure 3.10: Coating life assessment algorithm (Latif, J. et al., 2018b)

3.3.1 Algorithm implementation

The algorithm is implemented by considering initial boundary conditions and the
dimensionless form of all parameters for numerical simulation. Runge-Kutta method
has been applied to estimate the de-bonding driving force as function diffusion-induced

and residual stresses.

58



Chapter 3: Blistering Failure

Initial boundary conditions considered as:

ckci(x) = ¢, =0 fortimet=0

ck,. (h) = cg, fortimet >0
l
All parameters are converted into a dimensionless form as:

Ce, = Ckcl./Ck0

n
L2 E,
3t
3 - (1 - Uiz) Es
i=1
Dy = chi/Dks

2
ECinkCi
RT | ko

o
Il

n

x 2
pdi pdick(,l/pko i=1 E‘S’S Cko

1 1 . Z Eit; (cx,Vp i, — Ci,

L Eiti (Cll. - (Xs) AT

1
:E)/TL‘ pri OLkOAT'kO

X = ((xi+1 - tp)3 - (xi - tp)3)/(5 + Ten)
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After inserting dimensionless parameters in Equations 3.28 (a) and 3.28 (b), the

resulting Equation can be written as:

=~ (1/E) M (1/%) 1 —2
F= — 2[1+4( n-1) )] 235 )
1+ tan <(1 — B) m)
P (1/E) M (1/%)
- 3.35 (b)

P
1+ tan <(1 - B) —t:inco)

Following are the steps for algorithm implementation:

a)

b)

f)

9)

h)

The algorithm begins by taking Input parameters including material and
mechanical properties of coating-substrate materials such as Poisson’s ratio,
elastic modulus, thermal coefficients etc.

The critical threshold values of stress and the de-bonding driving force is
computed by using Equations 3.19, 3.20 and 3.35(b).

Runge-Kutta method is applied to calculate the total resultant stress ‘o..

The de-bonding driving force is computed by using Equation 3.30(a).

The value of the de-bonding force is compared to identify the state of the
coating-substrate system according to the criteria mentioned in Table 3.5.

The convergence criterion is evaluated for debonding driving force by using the
following Equation 3.36.

(ft1 — f4) 3.36
—F—

If the coating-substrate system is in critical condition, the bending moment is

Fpax = 100

saved as initiation bending moment as into fail state after critical state.

The blister stoppage or propagation is identified according to the criteria
mentioned in Table 3.4.

The velocity such as blister growth rate can also be computed using Equation
3.32.
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3.4 Results and discussions

In the experimental analysis, the blistering failure on all three samples has been
observed. The surface profiles of samples recorded from White light Interferometry
after immersion test have been compiled in Figures 3.11 and 3.12. The amplitude of
average blister selected from each sample is plotted in Figure 3.11 for comparison. The
blisters on each sample developed from non-osmotic and osmotic pressure resulted from
material properties and diffusion-induced stress, respectively. The Mono-layered coated
sample had a large number of blisters as compared to other samples because of its
lowest adhesion strength due to coating thickness. The highest average blister size was
recorded with amplitude and diameter of ~25um and 7 mm, respectively. The size of
blister developed over Bi-layered coated sample was between Mono-layered and Tri-
layered sample. The amplitude and diameter of average blister size were ~23um and
6mm which was high than expected. This could be the result of residual stresses which
are developed during the application of the coating. The lowest blister size recorded
over the Tri-layered coated sample as the amplitude of blister is 15um. The highest
coating thickness resulted in highest adhesion strength which lowers the value of de-
bonding driving force, so it takes more time to reach critical threshold level of de-
bonding driving force. The samples are considered into fail state as the blisters have
been developed.

30
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Figure 3.11: Blister height of each sample (Latif, J. et al., 2018b)
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The time when blisters on each sample started to develop and inflating to maximum
has been shown in Figure 3.12. All three samples were in safe state when the immersion
was started. The blisters started to develop over Mono-layered coated sample after ~72
hours during immersion test. It can be considered to be in fail state after blistering
failure. The blisters started to develop over Bi-layered coated sample after ~96 hours
during the immersion test. The Bi-layered coated sample takes more time to enter into
fail state as it has more coating thickness as compare to Mono-layered coated sample.
The blisters started to develop over Tri-layered coated sample after ~168 hours during
immersion test. The Tri-layered sample has shown maximum adhesion strength as

compared to rest of samples due to highest coating thickness.

25 T T T T /9//?
D e =
—— Mono-layered coating 5M NaCl / i
20 | —#— Bi-layered coating T =350K / # |
Tri-layered coating
|
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~ 15| safe | fail o
&
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\ | e | fai
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N o4 S 253
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Figure 3.12: Blister propagation of each sample (Latif, J. et al., 2018b)

The simulation results for proposed prognostic algorithm have been shown in Figure
3.13. The critical de-bonding driving force computed for all three samples. The levels
of critical de-bonding driving force for samples are labelled as 'F,,,','F.,," and’ F,.3". It
can be seen that all three samples has different critical de-bonding levels. It can vary
depending on material properties and changing coating thickness. The de-bonding
driving forces of each sample are calculated after updating the resultant stress. The

Mono-layered sample is taking less time to reach its critical de-bonding level as
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compared to other samples. It enters into fail state while other samples are still in safe
state. The critical de-bonding level of Bi-layered reaches after several time intervals to
enter into fail state. The Tri-layered takes most time to enter into fail state. It can be
concluded from simulation and experimental analysis that the increasing coating

thickness lowers the de-bonding force.

The prognostic model also estimates the speed at which the blister will grow. The
bending moment at the edges of the blister controls the stoppage and propagation of
blistering failure. If the conditions of blister propagation as mentioned in Table 3.5 is
applied to blister with amplitude 25um and 7mm developed over the Mono-layered

coated sample.

0.025 T T T T T T T

—=— Mono-layered coating

0.02 —=— Bi-layered coating M“

Tri-layered coating 3,339'8

0.015 [ fﬁjlﬁ U
Critical state szf

Normalised de-bonding driving Force

0.005 - ‘ | k' 77 Far3 -

,,,,,,,,,,,,,,,,,,,

Normalised time

Figure 3.13: Simulation results for de-bonding driving force (Latif, J. et al., 2018b)

The initiation bending 'M;,,;" is greater than the threshold level of bending moment
‘"Mz, which means the blister will continue to grow. The simulations for blister
propagation velocity also shown in Figures 3.14 and 3.15 with variable coating
thickness. The proposed prognostic algorithm can be further investigated for various
properties of coating materials to evaluate the development of number of blisters per

area of specific coating and substrate material.
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Figure 3.14: Simulation results for Velocity of blister vs Elastic modulus of the coating (Latif, J. et al., 2018b)
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Figure 3.15: Simulation results for Velocity of blister vs bending moment (Latif, J. et al., 2018b)
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3.5 Conclusion

A comprehensive prognostic algorithm based on various multi-discipline parameters has
been proposed. The immersion test was performed on samples with variable coating
thickness to validate the proposed algorithm. It classifies safe, critical and fail states of
the coating-substrate system in terms of blistering failure. The speed of propagation can
also be estimated using the proposed algorithm.It can be further investigated with
numerous material properties to make useful coating life assessment. The investigation
in propagation speed of blistering failure can lead to predicting the component failure of

the structure.

Although, various prognostic models have been mentioned in the literature but the
implementation of these models for proactive maintenance of complex structures in the
industry is still a grey area. Therefore, the current prognostic model which incorporates
complex parameters found in the latest research findings needs to be linked with
maintenance strategies. In order to make accurate predictions and use the proposed
algorithm more efficiently, real-time parameters of the operating conditions of

structures are required along with maintenance history.
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Chapter 4: Micro-cracks and Diffusion

The corrosive particles present in the atmosphere around metal structures can
accumulate over the surface and diffuse through porous medium or micro-cracks within
the coating. The development of micro-cracks due to mechanical damage and properties
of the coating-substrate system provides the passage for corrosive particles to diffuse.
Micro-cracks are one of the most common coating failures can be found in large
structures such as military vehicles. The diffusion of corrosive elements activates
electrochemical reactions beneath the coating which results in corrosion and decrease in
adhesion strength of the coating and substrate (Huang, M.-W. et al., 2008). The coating
over the electrochemically active cells become like a jelly medium and the adhesion
strength of coating and substrate is driven by diffusion process (Firbeth, W. and
Stratmann, M., 2001; Grundmeier, G. et al., 1998; Grundmeier, G. et al., 2000). The
corrosion rate under the coating can be estimated by measuring the diffusion rate that
depends on meteorological factors. The diverse environmental conditions for the
structures operating in different geographical locations make the prognostics of
diffusion of corrosive particles more challenging. The Dorset environmental conditions
have been investigated through corrosion monitoring techniques. The prognostic
algorithm has been proposed to estimate the salinity transport rate for structures
operating in different geographical locations. The contents of the chaper have been

Micro-cracks and diffusion J
\—b Experimental methodology

!

‘ Conclusion ‘

v

‘ Prognostic modelling ‘

v

Salinity transport rate algorithm

v

Results and discussions

v

‘ Conclusion ‘

shown in Figure 4.1.

Figure 4.1: Contents of the chapter
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The properties of coating material and meteorological parameters are the major
factors for the development of micro-cracks and corrosion damage beneath the coating,
respectively. The large military vehicles at ‘The Tank Museum, UK’ operate stationary
in a controlled environment and stationary at a remote location in uncontrolled
environmental conditions. The weather conditions at Dorset, UK observed for last three
years has shown critical operating environment for high-value military vehicles. The
weather conditions in Dorset, UK have been comprehensively discussed in Chapter 2.
The prediction of corrosion damage beneath the coating is very challenging because of
diverse environmental conditions at remote locations. The corrosion beneath the coating
is controlled by the diffusion of corrosive particles in the atmosphere such as salt
particles. The experimental findings have shown that the accumulation of salt particles
over the surface of the structure is highly influenced by the speed of the wind.
Therefore, a comprehensive prognostic algorithm has been proposed to estimate the rate
of diffusion for the structures operating in diverse operating conditions at different

geographical locations.
4.1 Experimental methodology

The large military vehicles at ‘The Tank Museum, UK’ have been involved in several
activities that include stationed inside the Museum for public display and some of the
large vehicles are stationed outside for display or other event activity. The
environmental conditions inside the Museum are controlled and suitable for the
vehicle’s structure. When the military vehicles are taken outside of the Museum, they
are exposed to harsh environmental conditions which pose a potential threat to their
structural integrity. Therefore, the corrosion phenomena over the large military vehicles
operating inside and outside of the Museum have been monitored for more than two

years.

The Linear Polarisation Resistance (LPR) technique provides an effective method of
corrosion detection due to meteorological parameters. The commercially available
MLPR sensors have been utilised for condition monitoring of military vehicles at ‘The
Tank Museum’. The PLPR sensor has been built on Linear Polarisation theory which is
very sensitive to corrosion and allows the monitoring of corrosion in real-time. It

provides the most feasible method for monitoring the atmospheric impact on high value
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and critical infrastructures such as buildings, bridges and aircraft. The bridge suspension
cable has been monitored using ULPR sensors to analyse the performance (Nims, D. K.
and Colony, D. C., 2017). A photolithographic process is used for the fabrication of
MLPR sensor which contains shim. The Photolithographic and Electro-Chemical
Etching techniques are used for preparing shim. It is further machined with Kapton to

improve ductility and robustness of the sensor.

The three electrode system is applied to detect corrosion using working electrode,
reference electrode and counter electrode as shown in Figure 4.2. The architecture of
ULPR sensor developed by ANALATOM is shown in Figure 4.3 (Brown, D. W. et al.,
2014; Brown, D. W. et al.; Riemer, D. P. and Orazem, M. E., 2005).

" _!m""‘_""‘_
ooty ®

|V — LPR/ Structure Pads

s i 5, [ ]
Reference Electrode _—aNOp (

Gold Electrodes
(b)

lcorr— 2] Counter / Ref. Electrodes
w Porous Scrim Material
Flex Cable
Conductive Transfer Tape / """""""" ]
N\ / Working Electrode Lap Joint Panel

(©)
Figure 4.2: Three electrode system (Latif, J. et al., ) )
2018a) Figure 4.3: Architecture of uLPR sensor [31]

!

The flow of current 'I.,,.,." is measured between anodic and cathodic sites. The
oxidation and reduction reactions within the material are responsible in the formation of
cathodic and anodic sites. The Stern-Geary equation is applied to compute the corrosion
current density as following (Brown, D. W. et al., 2014; Wagner, C. and Traud, W.,
1938):

B 4.1

Ieorr = Rp

w B w 4.2
CR() = Icorr [A*e*F]_ R_p [A*e*F]
In Equation 4.1, ‘Icor /R,’ and ‘B’ represents the corrosion current density,

polarisation resistance and Stern-Geary constant, respectively. The value of Stern-Geary
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constant ‘B’ for carbon steel 1010 is 30mV (Brown, D. W. et al., 2014; Nazir, M. et al.,
2015D).

In Equation 4.2, 'CR(t)" , ‘F', e’ , 'w' and 'A’ represents corrosion rate, Faraday’s
constant, the number of electrons exchanged, atomic weight and the area of corroding
electrode, respectively.

The Valentine tank was selected for continuous corrosion monitoring for more than
two years of duration. It operates inside the Museum in a controlled environment and
also moved several times outside in harsh environment of Dorset during the calendar
year. The ULPR sensors were embedded at turret top location of Valentine tank as

shown in Figure 4.4.

67003

Valentine Tank stationed at The Tank Museum, UK

(d) DAQ connected to sensors sensor

Figure 4.4: Corrosion monitoring system installed on Valentine Tank (Latif, J. et al., 2018a)

The complete corrosion monitoring system is illustrated in Figure 4.5. The sensors
mounted at turret top are connected to Data acquisition unit (DAQ). The DAQ was also
kept inside the Valentine tank throughout the monitoring. The battery life of the DAQ is
~5-7 years. It can store a large number of readings from 8 channels of uLPR sensors.
The stored data in the DAQ memory can be retrieved to the base station database using
RS232 or RS-484 protocols. The Equations 4.1 and 4.2 can be applied to the reading to

estimate the corrosion rate.
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4.2 Experimental results

The PULPR sensors have taken approximately 90K data samples during the corrosion
monitoring period of more than two years. The measurements of two ULPR sensors
LPR_1 and LPR_2, which were mounted on turret top have been plotted in Figure 4.6.
The Valentine tank was moved outside several times for remote activities during the
monitoring period. These remote activities have been repeated 8 times which are
labelled in the graph plot as A1, A2, A3....A8, respectively.

Flex cable Electrodes

Data Acquisition Unit

Base station

Figure 4.5: Corrosion monitoring system (Khan, Z. A. et al., 2017)

The corrosion monitoring system on the Valentine tank has not shown any sign of
corrosion reaction during inside activity under the shed. The suitable environmental
conditions for metal structures are maintained under the shed. Contrarily, the
monitoring system has detected corrosion reactions several times during outside activity
of the Valentine tank. The presence of salt particles in the atmosphere can be considered
as a major factor for initiating and accelerating corrosion phenomena. The Museum is
located near the coastal line of English Ocean, therefore a high amount of salinity can
be expected in the atmosphere. The amount for salinity controls the rate of corrosion
reaction and the amount of salinity is controlled by wind speed (Meira, G. et al., 2007;
Morcillo, M. et al., 2000). The corrosion has been detected during all 8 outside
activities. High corrosion rate has been observed during Al, A2 and A3 activities and
low corrosion rate have been observed during A4, A5, A6, A7 and A8 activities. The
data samples recorded during activities A1, A2 and A3 has been plotted as shown in
Figures 4.7, 4.8 and 4.9, respectively. It can be concluded that the acceleration and
variation in corrosion reactions during these activates are highly influenced by

meteorological factors including wind speed, temperature, humidity and rain.
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Figure 4.7: Corrosion rate and Salinity measurements during remote activity Al (Latif, J. et al., 2018a)
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Figure 4.8: Corrosion rate and Salinity measurements during remote activity A2 (Latif, J. et al., 2018a)
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Figure 4.9: Corrosion rate and Salinity measurements during remote activity A3 (Latif, J. et al., 2018a)
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4.3 Prognostic modelling

The salt particles accumulate over the surface of military vehicles and diffuse into the
coating-substrate system through micro-cracks or porous medium within the coating.
The water-soluble salt particles at the interface of the coating-substrate initiate and
accelerate corrosion phenomena. The corrosion process continues to propagate which
results in weakening of adhesion strength and metal loss. The corrosion current density
is proportional to the concentration of salt particles. Therefore, the high diffusion rate of
salt particles will result in an increase in corrosion rate which will result in an increase
in metal loss. The temperature, relative humidity, time of exposure and the salt particles
in the atmosphere are considered responsible for coating delamination and corrosion
damage. The diverse weather condition makes the prognostic of delamination
phenomena more challenging. The deposition rate of salt particles over the surface of
the structure can be a considered controlling factor for coating delamination and
corrosion damage. The salt particles deposition rate is highly affected by the speed of
the wind and geographical location. The I1SO classification of airborne salinity has
divided the geographical location into four regions. It provides the deposition rate of
salt particles for corresponding regions as shown in Table 4.1. The effect of wind speed
has been incorporated in prognostic salinity model to propose a comprehensive

algorithm for perdiction of salt diffusion rate at various geographical regions.

Table 4-1: 1SO classification of deposition rate of sodium chloride depending on different environmental conditions
(Standardization, 1. O. F.)

ISO Classification of Pollution by Airborne Salinity (Sodium Chloride deposition rate in

Annual Average)

Category Deposition rate of NaCl,  Typical Environment
mg/m2.day

So <3 Non-Coastal

S1 3 ---60 Coastal Environment

S2 60 --- 300 Coastal Environment

Ss 300 --- 500 Within 200 m. of Sea
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The change in concentration of salt particles ’%’ depends on the accumulative effect of

migration, diffusion and convection process (Bastidas-Arteaga, E. et al., 2011) .

oS 4.3(a
Frin dif fusion + migration + convection Q

In the current research, the migration and convention phenomena have been
neglected. The diffusion phenomenon depends on various parameters including the
concentration of salt particles, relative humidity 'RH’, temperature 'T" and time of

exposure 't" which can be written as:

n

s 1
== Z [Da, (T, RH, )VS,] 4.3(b)

én=1

where "D, ' represents the diffusion coefficient. The value of diffusion coefficient in

the aqueous medium is higher by two order magnitude as compare to in porous medium
(Allahar, K. N. et al., 2007).

1
s~ |Ds.sraf (M FREF (D)

where 'Dg 74" represents standard diffusion coefficient.

Dy

4.3.1 Salinity Model

The deposition of hygroscopic particles on solid surfaces from the atmosphere is
defined by the concepts of aerosol physics. The various physical processes generate
aerosols over the surface of the sea. The wind stress is considered a major factor for the
bursting of air bubbles during the development of Whitecap (Levin, Z. and Cotton, W.
R., 2008). The threshold value of the speed of the wind at which the entrainment of

marine aerosols begins has found to be 3ms~! (Morcillo, M. et al., 2000).

During the operational activity of large structures, the deposition rate of salt particles
depends on various factors including the direction of the wind, surface roughness,
distance from the sea, particle density, geometrical configuration of the structure, local
landscape and wind speed. The speed of wind is considered as a controlling factor for
diffusion rate. The 1SO classification of airborne salinity has classified the geographical

location into four environmental regions. The deposition rate of salt particles
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corresponding to environmental regions has been specified as shown in Table 4.1. The
environment has been classified into four regions such as S,, S;, S, and S3, respectively.
The S, corresponds to the non-coastal region which is very far away from the coast. The
deposition rate of sodium chloride (NaCl) over the solid surface in S, region is
maximum 3 mg/m?.day. The S; and S,are coastal regions in which S, is closer to coast.
The deposition rate of sodium chloride (NaCl) over the solid surface in S; and S,
regions are maximum 60 mg/m?.day and 300 mg/m?.day, respectively. The S5 region
contains the area which is maximum 200m away from the sea with maximum
deposition rate as 500 mg/m?.day. Comprehensive experimental research findings have
shown increase in deposition rate of salt particles as wind speeds vary from 3.4 to 10
m/s (Mcdonald, R. et al., 1982; Meira, G. et al., 2007; Morcillo, M. et al., 2000). The

cross wind affects are not included in current work.

The variation in wind speed from location to location will result in variation in
corrosion damage and coating delamination. The uncontrolled environmental conditions
for metal structures can also be classified into four categories based on ISO
classification for airborne salinity. The deposition of salt particles over the surface of
the structure as a function of wind speed has been modelled by using I1SO classification
for salinity deposition rate. For example, the maximum deposition rate of salt particles
in S, region is 3 mg/m2.day which can be considered for average wind speed. The
deposition rate of salt particles is found to be a linear function of wind speed (Lovett,
R., 1978; Mcdonald, R. et al., 1982). The following algorithmic approach has been

adopted to estimate salt deposition rate for corresponding uncontrolled environmental

conditions.
d=1;
fori=1:100
fork=1:d
S = Sx_max /((Wmax - Wmin)*100) + Sn(j-1);
Sn(j) = S;
=7+
end
d=d+1;
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=2
St c(i) =S;
end

where sx max represent the maximum deposition rate as mentioned in Table 4.1
which can be for any region (S,, S;, S, and S3). The terms Wmax and Wmin represents

the maximum and minimum wind speed, respectively.

The amount of salt particle in the atmosphere near the sea (S;) decreases as distance
increases. The relation for the rate of change of salt concertation as function of wind

speed and distance can be written as:

dS; kS 4.5
dc - h
The exponential decay in the concentration of salt 'S, has been observed as the distance
from sea increase (Ailor, W. H., 1982; Basu, D. and Khan, D., 1972; Mcmahon, T. and

Denison, P., 1979; Rajagopalan, K. et al., 1971) which can be written as:

Sy =S, exp(— kx/Vh) 4.6
where k , Vand h represents coefficient (proportional to deposition velocity) , wind
speed and the height of air layer, respectively. The fusion of Equations 4.3(b) and 4.6

can be written as:

s 47
=0 = [Da(T.RH,©) S, exp(= ax)]

The addition of wind speed effect in predicting the diffusion of salt particles can give
more accurate assessment of corrosion damage and coating delamination for structures

which are operating at remote locations.

4.3.2 Temperature model

Temperature has a significant impact on electrochemical corrosion reaction and
transport rate of salt particles. Arrhenius equation can be used to determine the rate of
chemical reaction as (Laidler, K. J., 1984):

7 = 4 ol (B sz ) 48
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where ‘A" [ GL,'R', 'T'and 'Tsr,’  represents pre-exponential term, activation
energy, universal gas constant, absolute temperature and standard temperature at
standard diffusion coefficients 'Dsr,’, respectively (Bastug, T. and Kuyucak, S., 2005;
Samson, E. et al., 2003).

4.3.3 Relative humidity model

The relative humidity is one of the essential components for corrosion reaction to

initiate. The following relation is utilised for relative humidity as:

1

m
T—RH,

RH' =

1+ (
where 'RH' and 'RH' represents actual pore relative humidity and relative humidity
at which diffusion coefficient deviate between maximum and minimum values.

4.3.4 Exposure time

The structure deteriorates with respect to time of exposure as:

t
where ‘tgr,’, 't'and n represents time of exposure time at which standard diffusion

" (tsm)" 410

coefficient is measured, actual exposure time and age reduction factor, respectively.
4.4 Proposed algorithm

The deposition rate of salt particles over the surface of the structure will vary
significantly for structures operating at remote and multiple locations in diverse
atmospheric condition as compared to stagnant structures. The variation in deposition
rate will impact the diffusion of water-soluble salt particles which are responsible for
corrosion damage and coating delamination. The algorithm has been proposed to
estimate transport rate of salt particles over the surface of structures which are operating

at different geographical locations in uncertain weather conditions.

The algorithm has four input parameters including wind speed, time of exposure,
relative humidity and temperature as shown in Figure 4.10. The time iterative approach

is implemented to simulate the parameters which have been explained comprehensively
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in our previous publication (Nazir, M. et al., 2015a). The deposition rate of salt is
estimated through algorithmic logic mentioned and elaborated in Salinity model section.
The algorithm will keep updating the deposition rate depending on wind speed and also
change in operating location of structure e.g. the structure is moved from coastal region

'S’ to the coastal region 'S,’.

Initial conditions Iterative method
. Temperature (T) » RK4 method
. Relative Humidity (RH)
. Time of exposure (t)
1=1;
Y Wind Speed for i = 1:100
W,Wmax, Wmin foE Ik = gl
S = Sx max /((Wmax -
Wmin) *100) + Sn(j-1);
Sn(j) = s; s 1w
» § = 3+1; it Z [Da (T, RH, 1)VS, ]
end Senz1
1= 1+1;
j = 2;
St_c(i) = S;
1SO Classification for emel
airborne salinity

Non-Coastal (SO)
> Smax =Sj (j=0,1,2,3,4)
Coastal (S1) 1 \J
J

"

No .
Coastal (S2) A "~ Yes If location <
changes
Near sea (S4) y
No

If Wind speed
changes

A

Figure 4.10: Algorithm for estimation of salinity transport rate depending on various geographical locations (Latif, J.
et al., 2018a)

4.5 Results and discussions

The corrosion monitoring of the Valentine tank at ‘The Tank Museum’ have shown
high variation in corrosion rates during outside activity. The water-soluble salt particles
accelerate the corrosion reaction. The high amount of salt diffusion will result in high
corrosion damage and coating delamination. The wind speed greatly influences the
deposition rate of salt particles (Mcdonald, R. et al., 1982; Meira, G. et al., 2007, 2008;
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Morcillo, M. et al., 2000). The ambiguous nature of corrosion depends on wind speed
and diffusion coefficient. The algorithm has been simulated by considering two
scenarios of the winter season and two scenarios for the summer season to estimate the

salinity transport rate as a function of wind speed.

In the summer season, the temperature is kept on increasing for 100 iterations in both
scenarios, while the effect of wind speed is kept increasing from 3 m/s to 10 m/s in one
scenario and decreasing from 10 m/s to 3 m/s in the second scenario. The simulation
results of the first scenario for the structure operating in the summer season for
increasing wind speed from 3 m/s to 10 m/s have been shown in Figure 4.11. The
temperature is increasing from 1 to 100 iterations at a constant rate. The increase in
temperature also increases the diffusion coefficient. The wind speed is also increasing
from 3 m/s to 10 m/s for 100 iterations at a constant rate. The transport rate of salinity is
varying corresponding to wind speed and diffusion coefficient. The increase in
temperature results in an increased diffusion coefficient and an increase in wind speed is
resulting in a high deposition rate of salt particles. High diffusion coefficient and
salinity deposition rate are resulting in high salinity transport rate which can be
considered as the worse situation for structural integrity. The corrosion rate will be

maximum at high temperature and high wind speed.

The second scenario for the summer season is simulated for decreasing wind speed
from 10 m/s to 3 m/s, while the temperature is increasing from 1 to 100 iterations at a
constant rate as shown in Figure 4.12. Although, the increase in temperature results in
an increase in diffusion coefficient but the decrease in wind speed accounts for a low
deposition rate of salt particles. Therefore, the salinity transport rate is decreasing and

these conditions will result in low corrosion rate for the structure.
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Figure 4.11: Salinity transport rate for increasing wind speed during the summer season (Latif, J. et al., 2018a)
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Figure 4.12: Salinity transport rate for decreasing wind speed during the summer season (Latif, J. et al., 2018a)

In the winter season, the temperature is kept on decreasing for 100 iterations in both

scenarios, while the effect of wind speed is kept increasing from 3 m/s to 10 m/s in one

scenario and decreasing from 10 m/s to 3 m/s in the second scenario. The simulation
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results for the structure operating in winter season for increasing wind speed have been
shown in Figure 4.13. The temperature is decreasing from 1 to 100 iterations at a
constant rate. The decrease in temperature also decreases the diffusion coefficient. The
wind speed is increasing from 3 m/s to 10 m/s for 100 iterations at a constant rate. The
transport rate of salinity is varying corresponding to wind speed and diffusion
coefficient. The decrease in temperature is resulting in a reduction of the diffusion
coefficient and an increase in wind speed is resulting in high deposition rate of salt
particles. Although, the salt deposition rate is high but the low diffusion coefficient will

result in low corrosion rate.
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Figure 4.13: Salinity transport rate for increasing wind speed during the winter season (Latif, J. et al., 2018a)

The second scenario for the winter season is simulated for decreasing wind speed
from 10 m/s to 3 m/s and the temperature is also decreasing from 1 to 100 iterations at a
constant rate as shown in Figure 4.14. The decrease in temperature is accounting for
decreasing diffusion coefficient and a decrease in wind speed is resulting in low salt
deposition rate. Therefore, very low corrosion rate can be expected in these conditions
because of low salt particles and low diffusion coefficient. These conditions can be

considered more desirable and suitable for structural integrity.
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The salinity transport rate for the structure operating near the sea region 'S5’ has also
been simulated. The simulation results for salinity transport rate as a function of
distance from the sea has been shown in Figure 4.15. The salinity transport rate is
highest near the sea and decreasing as the distance from the sea is increasing. The
different levels of wind speeds are also resulting in different levels of salinity transport

rate. The increase in wind speed accounts for high salinity transport rate.
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Figure 4.14: Salinity transport rate for decreasing wind speed during the winter season (Latif, J. et al., 2018a)

4.6 Conclusion

The impact of meteorological parameters has been incorporated in the proposed
algorithm to predict the corrosion damage and coating delamination for the structures
operating in diverse weather conditions at remote geographical locations. The
simulation analyses for multiple scenarios of winter and summer seasons have been
presented to evaluate the worse and suitable conditions for metal structures. The
proposed algorithm will help maintenance professionals for proactive maintenance
actions for structures operating remotely. The algorithm can be further extended and

linked to the level of structural failure to decide appropriate maintenance strategy.
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Chapter 5: Condition-based-Maintenance

The direct cost of corrosion estimated in recent years has found to be 3.4% of Gross
Domestic Product (GDP). The indirect cost of corrosion is estimated to be almost equal
to direct cost (Koch, G. E. A., 2016). A large number of organisations including
automotive, aerospace, utilities and defence industry are affected by the financial impact
of corrosion damage and maintenance of their structures. The report on the cost of
corrosion and maintenance published by LMI has revealed that army equipment is
costing almost $3.1 billion which includes total maintenance cost of 15.5 % (Hertzberg,
E., 2016). The maintenance activities associated with recoating and inspections incur
the highest amount of maintenance cost. Latest research finding has revealed the
influence of complex meteorological, mechanical and material parameters in the
deterioration of structures integrity. The classical maintenance framework does not
consider these complex parameters to schedule the optimal maintenance for metal
structures. The Tank Museum follows complete recoating maintenance after fixed time
duration without considering the cost implications. The inspections and maintenance
decision based on accurate deterioration perdiction model which incorporate complex

parameters can assist organisations for cost-effective maintenance scheduling.

A comprehensive multidisciplinary algorithmic approach has been proposed in
current research to provide optimal maintenance solutions to organisations. The
prognostic models elaborated in previous chapters have been linked with maintenance
cost to compute the cost-effective maintenance strategy for metal structures. The
algorithm estimates the optimal recoating maintenance strategy based on specifications
of coating material, structural material and operating conditions. The modelling and
simulation results of the proposed algorithm have been elaborated in the current chapter

as shown in Figure 5.1.
5.1 Maintenance Strategy Evaluation Algorithm

According to comprehensive literature, the Condition-based-maintenance is

considered to be a most effective and cost-effective strategy for metal structures
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operating at remote locations. The proposed algorithm bridges the gap between modern

prognostic algorithm and maintenance strategies to provide cost-effective solutions.

Condition-based-
Maintenance

.| Maintenance Strategy Evaluation
Algorithm

A

Prognostic modelling

v

Maintenance history database

v

Algorithm Implimentation

v

Results and discussions

v

Conclusion

Figure 5.1: Contents of the chapter

The basic architecture of the proposed Condition-based-maintenance algorithm is
shown in Figure 5.2. The input parameters for the algorithm include material properties
of the coating-substrate system, operating conditions of structure and meteorological
parameters. The prognostic models proposed in previous chapters can be applied to
input parameters to estimate the useful coating life of the individual structure. The
database of historical maintenance history will minimise the perdition error rate. The
uniform database for maintenance history has also been proposed in current work. The
decision for optimal recoating maintenance strategy will be based on the outcome of the
prognostic model. The recoating maintenance has been divided into three different
recoating strategies. The Patch recoat, Part recoat and Complete recoat. The Patch
recoat involves the recoating of affected areas of the structure. The Part recoat involves
the recoating maintenance of any component or part of the structure and the Complete

recoat involves recoating of the complete structure.
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Figure 5.2: Basic Architecture of Maintenance Strategy Evaluation Algorithm

The proposed algorithm for optimal maintenance strategy evaluation has been illustrated
compressively in Figure 5.3. The algorithm takes complex input parameters which
includes the specifications of the coating-substrate system, material properties and cost
associated with maintenance activities. The prognostic model for blistering failure
identifies the critical threshold level and computes useful coating life until the
development of patch failure/blister failure. The algorithm estimates the propagation
speed of coating failure. The propagation speed can be used to identify the part failure
of any individual metal structure. After evaluating the useful coating life, the models for
calculating maintenance cost associated with Patch recoat, Part recoat and Complete
recoat strategies are applied to find the best optimal maintenance strategy. The lack of
real-time measurements and historical maintenance database are the major challenges
for implementing the proposed algorithm. Therefore, a uniform database has also been
proposed which is based on complex parameters evaluated in the latest research

findings.
5.1.1 Input parameters

The performance of the coating-substrate system depends on numerous factors which
need to be considered for prognostic modelling. The following are the input parameters
for the proposed maintenance strategy evaluation algorithm along with temperature and
humidity as shown in Figure 5.4.

5.1.1.1 Mechanical and diffusion parameters

The development of residual stresses and diffusion-induced stresses within coating are
the controlling factors for blistering failure and micro-cracks (Latif, J. et al., 2018a;
Nazir, M. et al., 2015a; Nazir, M. et al., 2015b; Nazir, M. et al., 2016b). These

parameters are compressively elaborated in Chapter 2.
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Figure 5.3: Recoating Maintenance Strategy Evaluation Algorithm
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5.1.1.2 Interfacial roughness

The interfacial roughness plays a vital role in adhesion strength between coating and
substrate system. The appropriate increase in interfacial roughness can result in strong
bonding (Nazir, M. et al., 2015d).

5.1.1.3 Coating thickness
The adhesion strength also increases with an increase in coating thickness which can
extend the useful coating life (Nazir, M. et al., 2015d).

4 CBR_GUI = 2

Maintenance Strategy Evaluation Application

Select type of system Paint cost

Uni-layered coating - Cost of paint per litre

Application cost
Select evaluation type

@ Single ) Comparison
System specifications

Substrate material properties Thickness of substrate
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Elastic Modulus Interfacial roughness

A . Surface area 1 N
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Thermal expansion
Enviromental conditions
Coating material properties © Stationary O Mobile
. . . Temperature range -
Poisson's ratio
. Humidity range —_
Elastic Modulus
Diffusion coefficient

Thermal expansion

Generate Report

Time duration weeks v

Figure 5.4: Input parameters

5.1.1.4 Cost parameters
The cost of recoating maintenance involves the cost of washing, surface treatment,
preparing equipment for application of recoating, drying, labour hours and other

associated with recoating maintenance activities.
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5.2 Prognostic modelling

The prognostic models for various modes of coating failure and corrosion damage has
been proposed in current and previous research projects within the NCEM research
group (Khan, Z. A. et al., 2018; Latif, J. et al., 2018a; Latif, J. et al., 2018b; Nazir, M. et
al., 2015a; Nazir, M. et al., 2015b, 2016a; Nazir, M. et al., 2015c, 2015d, 2015e, 2016b;
Nazir, M. et al., 2018; Nazir, M. H. and Khan, Z., 2015; Nazir, M. H. et al., 2018a;
Nazir, M. H. et al., 2017). The prognostic algorithm for blistering coating failure
illustrated in Chapter 3 has been utilised to develop the optimal condition-based-
maintenance framework. The modelling equations presented in blistering failure have
been integrated with the cost of maintenance to estimate optimal recoating maintenance

for large metal structures.
5.2.1 Coating failure modelling

The adhesion between coating and substrate is driven by de-bonding driving force. The
relation for the de-bonding driving force as a function of complex parameters derived

and validated in previous research findings is given as (Latif, J. et al., 2018b):

F= Ei ) M2 [1+ %( 1) )]} 1 g4

i1 Ei (xi+1 - tp)3 - (xi - tp)3

2
+ tan (1 - i) tany
E.A

The Equation 5.1 has been elaborated comprehensively in Chapter 3. The threshold

-1

level of de-bonding driving force at which coating enters into the critical state is termed
as critical de-bonding driving force 'F..’ and the coating-substrate is considered in fail
state when de-bonding driving force exceed its critical level. The relation for critical de-
bonding driving force as function of complex parameters derived and validated in

previous research findings is given as (Latif, J. et al., 2018b):
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3% (1
F, = _Z 3 3 M 1 5.2
{2 i=1 E; - (xi - tp)

i (xl+1

2 -1
I'c 1
anf (1-29)
+ an(( E.\ —tanw)

When de-bonding driving force exceeds critical level, the blister is considered to be

developed and patch failure of the coating has occurred. The safe, critical and fail
conditions of the coating-substrate system depending on de-bonding driving force is

mentioned in Table 5.1.

Table 5-1: Conditions for patch failure

Condition State
F<F, Safe
F=F, Critical
F > F,, Fail

The blister propagates which eventually results in exposing structure to surrounding
environment. The propagation of blister is driven and controlled by the bending moment
at edges of blister. (Tam, C. and Stiemer, S., 1996b)When the blister initiates, the
bending moment is considered as initiation bending moment 'M;,;’. The bending
moment at the initiation of blister can be estimated through the relation given in
(Martin, J. et al., 1990) as:

i=1 E; Tth3 w 5.3
a2

If the value of bending moment at blister initiation 'M;,,;

My = 3

!

is greater that than the
threshold value of bending moment 'My;,’, the blister will propagate. In the opposite
condition, the blister will not propagate as shown in Table 2. The equation of threshold

level of bending moment for the coating-substrate system can be written as:

n

E; /
MTh =0.73 Zm a O-TTthB 5.4
i=1

The Equations 5.3 and 5.4 can be used to predict whether the blister will grow or not.
The parameters of these equations are elaborated in Chapter 3.
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Table 5-2: Blister propagation criteria

If My, <M;,; Blister =grow

If My, >M;,; Blister # grow

Although, the prognostic models for blister propagation have been proposed but the
model for blister failure leading to part failure of individual structure requires
comprehensive experimental investigations and modelling. The profile for de-bonding
driving force has been elaborated in Figure 5.5(a). The component-wise approach for
predicting part failure is required that include various factors like number of blisters per

area, growth rate of failure propagation and geometrical shape of parts of structure.
5.2.2 Maintenance cost modelling

The multidisciplinary coating failure prognostic model has been integrated with
maintenance cost to evaluate cost-effective maintenance among Patch, Part and
Complete recoating strategy. The annual cost can be computed using the following
relation as (Tam, C. and Stiemer, S., 1996b):

ir 55
Annual cost = Fc m

where 'E." , "ir" and exponent ‘¢’ represents future cost, interest rate and annual time,
respectively. Several maintenance activities incur cost including maintenance facilities,
surface preparation, inspection, preparation of coating instruments, blast abrasives and
containment apparatus. The exponent time ‘t’ is the useful life of coating-substrate
system which depends on de-bonding driving force. The Equation 5.5 can be modified

for annual cost of maintenance as:

ir .
Annual cost = (Area_Recoat)(Cost_factor)(unit_cost) [m] 56

The standard ASTM D610 has classified the area to be recoated depending on degree
of delamination which can also be utilised for Patch and Part recoating(Astm).
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Area_to_be_coated (%
100

The summation of area of individual parts of structure gives total area to be recoated

5.7

Area_Recoat; = )] (Surf_area_Part;)

as:

n
Total Area_Recoat = Z Area_Recoat;
i=0

5.8

The large metal structures are often assembled of numerous parts having various
geometrical shapes. The area of individual parts and total area will vary from structure
to structure. The measurements of parts of each individual structure need to be recorded
in the database. The re-coating maintenance strategies can be classified into three
different strategies such as Patch recoat, Part recoat and Complete recoat. The
mathematical equations associated with each re-coating strategy can be written as (Tam,
C. and Stiemer, S., 1996a, 1996b):

Patch recoat

_ ir 5.9
Annual cost = Areagecoar * (SUT fprepeose T €OALINGcost) [m
Part recoat
Annual cost = (Areagecoat * SUT forepcos:) >10
. ir
+ (area * coatingcost) [m]

Complete recoat

ir 5.11

Annual cost = area * (SUr fyrep,,,, + COAtiNGcost) [(1 +ir)t — 1]

The cost of services and good varies according to the inflation rate. The factor (1 + ir)¢

is included in Equations 5.9, 5.10 and 5.11 to derive the following equations:

Patch recoat

, ir(1+ir)t 5.12
Annual cost = Areagecoar * (SUT fprep, ., T €OAtING cost) m

Part recoat
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Annual cost = (Areagecoar * Surfprepcost) 5.13
, ir(1+ir)t
+ (area * coating,,st) lml

Complete recoat

Annual cost = area

, ir(1+ir)t 5.14
* (SUT fyrep,yq + COALINGcost) arm-1

The profile of Patch recoating maintenance strategy is shown in Figure 5.5(b). The
only delaminated area is recoated in Patch recoating strategy. The delamination could
be micro-cracks, rusting or blisters. This strategy is very effective to halt the damage at
an early stage but very frequent inspections are required than other strategies. The Patch
can occur at different locations of the structure. The structure receiving Patch recoating
maintenance strategy will also receive Complete recoating maintenance after an
appropriate amount of time. The cost for patch recoats can also vary depending on the
location of patch area within the structure, operating conditions and geometrical shape.

The annual cost of Patch recoating maintenance can be written as:

Annual costpgich repair 5.15

nA So. 4+ C [ ir(1+ir) ]
= *

ZO T * (5Pp + Cp) 1+ir)t -1
p:

n
ir(1+ir)
A S Co) |om—————————
+Z e* (Spe+ e)[(1+ir)Te—1
e=0
The description of all parameters in Equation 5.15 has been mentioned in the

nomenclature of the report.

The blister or micro-cracks within coating propagates with time to expose metal
structure to surrounding operating conditions leading to part failure of the structure. The
profile of Part recoating maintenance strategy is shown in Figure 5.5(c). The large metal
structures are often assembled of numerous parts with complex geometrical shapes.
Some parts within the structure may require less frequent recoating maintenance and
inspections as compare to other parts. The difference in the area of the part, location
within the structure and geometrical shapes will also impact the cost of their

maintenance. The structure receiving Part recoating maintenance strategy will also
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receive Complete recoating maintenance after an appropriate amount of time. The

annual cost of Part recoating maintenance strategy can be written as:

Annual COStComponent repair

l 5.16

Z" A e Sp) 4 (Sp s C ir(1 + ir)t

= * * - > @z

. rC pC ( pC C) (1 + iT')tC _ 1
c=

n
ir(1+ir)t
A [ A—
+ z e ¥ (Spe + Ce) l(l + iT')Te _ 1]
e=0
The description of all parameters in Equation 5.16 has been mentioned in the

nomenclature of the report.

The complete structure is recoated in Complete recoating maintenance strategy once
the structure exceeds its threshold level of deterioration. This strategy requires the least
frequency of inspection but very inefficient for high value and critical structures. The
profile of Complete recoating maintenance strategy is shown in Figure 5.5(d). The

annual cost of Complete recoating maintenance strategy can be written as:

= ir(1+ir)t 5.17
Annual COStC()mplete repair — z Ae * (Spe + Ce) m
e=0

The description of all parameters in Equation 5.17 has been mentioned in the

nomenclature of the report.

The frequency and degree of inspection depend on the operating conditions and
complex architecture of structures. The cost relation for the cost related to movement of

structure for inspection or for application of recoating can be written as:

) ir(1 4+ ir)t 5.18
x_Cost = Z i_Cost; A+ —1

i=0

N Zn: Cost ir(1+ir)t
mLOStn 1 T+ iy —1
m=0

where x_Cost is the accumulative cost associated with the number of inspections

performed at different time intervals and cost incurred by the mobility of structure for
inspection purpose or recoating. The Equation 22 can be incorporated in Equations 19,

20, 21 to include the cost associated with inspection activities as:
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Annual costpgich repair

zn:A _— [ ira+ i’ ]
= *

. T * (SPp + Cp) (1+ir)n=—1
p=

n

iT'(l + ir)t
T2 Aex P+ Co) | =1

e=0

N z Cost [ ira+in' ]
m_~LoSs
- m (1+ir)tm= -1
Annual COStComponent repair

) n ir(1+ir)t
— ;(Arc *Spc) + (Spe * Cc) lml

- ir(1+ir)t
+ZA3 * (Spe + Ce) m
e=0

+zn:_ Cost ir(1+ir)t
,OLOSi(1+wyr—1
i=

s zn: Cost ir(1+ir)*
m_Losty, (1 + l'.r.)tm— -1
m=0

5.19

5.20
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Annual COStComplete repair

n

e=0

n
+ E i_Costi l
i=0

Lr(l + lr)

(1+LT)‘ -1

ZA *(Spe+C)[(lr(1.i

1+ir)le —

ELU R

]

Lr(l + lr)

(1+L‘r)"l -1
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Condition
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Figure 5.5: Profiles for de-bonding driving force and maintenance strategies

5.3 Maintenance history database

The proposed algorithm for optimal maintenance is based on various parameters which

have not been considered in classical maintenance frameworks. The feedback system

based on historical maintenance database and real-time monitoring will assist in

minimising the error rate for individual structure. Therefore, a uniform database is

required for collection of various important parameters. The required database has been

elaborated comprehensively in Table 5.3.

Parameter

Inspection history

Coating thickness

Table 5-3: Uniform Database for Maintenance of metal structures

Description

The inspection activity is very time-consuming for the
organisations which are operating number of large metal
structures such as museums, aerospace, automotive and
defence industry. The historical data regarding the frequency
of inspections with a degree of deterioration associated with
the individual structure will help in minimising the inspection

frequencies and cost incurred by inspection activities.

According to experimental investigations, the appropriate
application of coating thickness can increase the useful coating
life. Some parts of the structure may require more thickness
and some parts may require less coating thickness which can

impact the coast of re-coting maintenance.
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Interfacial roughness

Salinity

Stress/Strain

Meteorological

factors

Geometrical shape

Failure frequency

Time-to-

The adhesion strength between coating and substrate system is
affected by interfacial roughness. The appropriate selection of

roughness can increase useful coating life.

The diffusion of water-soluble salt particles at the interface of
coating-substrate results in coating failure and corrosion
damage (Latif, J. et al., 2018a). The record of accumulation of
salt particles over the structure operating in any specific

environmental will assist for accurate maintenance actions.

The temperature gradient is responsible for the development of
stresses within the coatings which result in blistering and
micro-cracks coating failure (Nazir, M. et al., 2016b). The
real-time and historical data of stress/strain can assist in
making accurate perdition of coating failure for any specific

environmental conditions.

The variation in environmental conditions and complex
architectures of structures may experience variable humidity
and temperature within the structure also. For example, the
inside parts of the structure may experience high temperature

as to outside parts.

According to the visual inspection of military vehicles at “The
Tank Museum”, the coating failure rate on curved surfaces
was found higher than as compared to flat surfaces of military

vehicles.

The failure frequency of patch and parts of individual
structures along with historical data of its operating conditions
will assist in more efficient maintenance decisions for

individual structures.

The time-to-maintenance of the individual structure will vary
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maintenance

Type of coating
applied

Operational activities

Area recoated

(specific to Part)

Cost of maintenance

activities

Prediction error

depending on the type of maintenance strategy. For example,
the time for complete recoating of the structure undergoing
Part recoating maintenance may come earlier than the
structure undergoing only Complete recoating maintenance

strategy.

The structures are often coated with number coatings for

corrosion protection and also for decoration.

The operating condition of structures is one of the most
important factors for accurate prediction of deterioration of
individual structures. The historical data of operating
conditions will assist in making efficient maintenance decision

for specific structures.

The standard ASTM D610 can be used to identify the degree

of delamination and area to be re-coated.

The cost of maintenance activities includes washing, preparing
equipment for re-coating, surface treatment, drying, labour

hours and other cost associated with maintenance activities.

The prediction error gap between theoretically calculated data
and real-time events can be minimised by recording the error
history and applying an efficient neural network to adjust

future predations.

5.4 Algorithm implementation

The implementation of the proposed algorithm has been comprehensively elaborated in

Figure 5.6. It computes useful coating life using prognostic models and applies

maintenance cost analysis. The specification of structural steel S275 and red oxide

primer coating has been considered for simulation analysis. The Elastics modulus and

coefficient of thermal expansion of red oxide primer coating are 6.14 GPa and

21.6x107¢/<C, respectively. The Elastics modulus and coefficient of thermal expansion
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of structural steel S275 are 210 GPa and 12x107%/<C, respectively. Two propositions

have been considered for simulation analysis.

Proposition 1: The adhesion strength between coating and substrate has found to be
proportional to the thickness of the coating. The useful coating life can be extended with
an appropriate increase in coating thickness. The occurrence of the blister is considered
as patch failure and algorithm is simulated for various coating thickness to find the

financial impact on Patch recoating maintenance strategy.

Proposition 2: The annual cost of maintenance of Patch recoating and Part recoating
maintenance strategies have been compared. The only damaged area is recoated in
Patch recoating and complete part is recoated in Part recoating. In order to analyse all
possible conditions, the algorithm is simulated for different size/area of the part while
keeping the constant patch area. The number of patch failures and area of a part per year

is increased for the next ten years (e.g. 2x means twice the size of patch area).

The equations of de-bonding driving forces are converted into dimensionless form as

mentioned in Chapter 3.

(1/E) M (1/%) z[1+ % (mz )]

F =
1+ tan <(1 —B) — t;n w) 522
. wBim
- 5.23

P
1+ tan ((1 - B) —tzinw)

The description simulation steps of Equations 5.22 and 5.23 have been mentioned in

nomenclature and Chapter 3 of the report.

For preposition 1, the algorithm estimates the annual cost for Patch recoating
maintenance for various values of coating thickness. In proposition 2, the algorithm is
calculating the annual cost for patch recoat and Part recoating strategy with one
complete recoating of structure in both strategies. The annual cost of corrosion for the
next ten years duration is calculated that starts from one patch failure per year. It also

estimates the cost of maintenance by incrementing from 1 to 10 patches/year.
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After calculating the cost of maintenance for Patch recoating strategy, the algorithm
calculates the cost of maintenance for Part recoating with increasing area of the part.
The cost of maintenance for the next ten years is calculated by keeping the area of Part
2x’ times of patch area. Similarly, the algorithm increases the area of part ‘3x’ times
and estimate cost for the next ten year. The calculation repeats 10 times with an increase

in part area (such as ‘4x,’5x’...”10x’).
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Figure 5.6: Recoating Maintenance Strategy Evaluation Simulation
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5.5 Results and discussion

Proposition 1: The results in Figure 5.7 show the de-bonding driving force ‘F'asa
function of de-bonding index ‘' n ' for different relative coating thickness 'Ty,/s” values.
The increase in coating thickness has resulted in increasing critical de-bonding
threshold level 'fcn,’. The threshold level of critical de-bonding driving force 'fcr{ for
relative coating thickness ‘0.1” is lower as compare to the critical threshold level de-
bonding driving force 'fcr, for relative coating thickness 0.2°. Similarly, the threshold
level of critical de-bonding driving force 'fcr, for relative coating thickness ‘0.2’ is
lower as compare to the critical threshold level de-bonding driving force 'fcry for
relative coating thickness ‘0.3”. When the value of debonding index ' n " is greater than
1, the system is considered in fail state and blister failure has occurred which is

referenced as patch failure in current simulation.

The Patch recoating is required when the de-bonding driving force exceeds its critical
threshold level. The increase in coating thickness raises the critical threshold level of
de-bonding force which means the coating-substrate system will have more time to get
into fail state. The increase in adhesion strength will result in a reduction of patch
failures which will also reduce the cost of maintenance. The comparison for the annual
cost of maintenance of the coating-substrate system with different coating thickness is
shown in Figure 5.8. The increase in coating thickness also increases the cost of coating
application but it also decreases the patch failures due to an increase in adhesion
strength. Therefore, it can be concluded that the annual cost of maintenance can be

reduced by increasing the appropriate increase in coating thickness.

Proposition 2: The comparison between Patch recoating and Part recoating
maintenance strategies has been analysed for various conditions as shown in Figure 5.9.
Every value in simulation result is showing the annual maintenance cost of 10 years of
time duration. The unit cost of surface preparations and coating application is
considered equal for both strategies for simulation analysis. At least one Complete
recoat per year is included in both strategies with equal cost. The primary objective of
simulation analysis in Proposition 2 is to evaluate optimal maintenance strategies

among Patch recoat and Part recoat.
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Figure 5.7: Simulation results for de-bonding driving force vs de-bonding index

The algorithm begins with calculating the annual cost of maintenance for Patch
recoat strategy by considering one recoat of patch failure and one complete recoat. In
the next iteration, the algorithm calculates the annual cost for the next 10 years by
considering 2 patches per year. The cost of maintenance is proportional to the patch
failures per year as shown in Figure 5.9 and maximum for 10 patch failures per year.
The area is increasing in every iteration during the calculations for Part recoating
strategy. The area of the part is considered ‘2x’ in the second iteration which means
twice the area as compared to Patch area. Similarly, the area of part increases in every

next iteration and goes up to ‘10x’.

The algorithm has resulted in suggesting different recoating maintenance strategies
depending on the area of patch failure and part failure. The trends of the cost associated
with both maintenance strategies are crossing at point A. It is suggesting that the Patch
recoat strategy is resulting in high cost when a number of patch recoats are greater than

4 per year and area of the Part is 5 times greater than the area of Patch failure. The Part
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recoating strategy is resulting in high cost when patch recoat is less than 4 per year and

the Part area is 5 times greater than the area of patch failure that requires recoating.

fcr1 = fcrz = foS

-
T
|

Normalised annual cost
(%]

Ma
T
|

0.05 0.1 0.15 02 0.25 03 0.35
Relative coating thickness

Figure 5.8: Annual cost of maintenance for coating-substrate system with different coating thickness

The conclusion can be drawn from point A that the Patch recoat is the optimal
strategy for metal structure which has patch failure less than 4 per year and that area of
its part is ‘5x’ larger than patch area. Similarly, the Part recoat is the optimal strategy
for metal structure which has patch failure more than 4 per year and that area of its part
1s ‘5x’ larger than patch area. Several crossing points can be seen in simulation results
that show the optimal recoating strategy for various conditions depending on area of

parts.
5.6 Conclusion

The proposed framework does cost comparison based on the performance between
coating-substrate systems of different sepcifications. The performance is defined by
validated prognostic model of bonding driving force but in this case the output is in
terms of cost. Systems with different specifications such as variable coating thickness
can be compared that could help professionals in decision making process of

maintenance strategy. The algorithm can also be simulated for various specifications
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and operating conditions for the coating-substrate system. The benchmarks for the part

failure of the individual structure, historical maintenance data and real-time parameters

are the major limitations for effective implementation of the proposed system.

Therefore, the uniform database has been proposed and real-time monitoring system has

been developed which is illustrated in the next Chapter.
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Figure 5.9: Simulation results for recoating maintenance strategy for metal structures
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Chapter 6: Wireless Condition Monitoring System

The research findings within the NCEM research group in last few years have resulted
in the development of state-of-the-art multidisciplinary prognostic solutions. These
prognostic solutions are further extended to the development of algorithms for failure
propagation and optimisation framework for maintenance strategies. The current work
focuses on structures operating stationary and mobile at remote locations in diverse
atmospheric conditions. The movement of structures and continues variation in
environmental conditions make the accurate prediction more challenging. Therefore, the
prediction based on real-time parameters is evident for critical structures for accurate
life assessment and the selection of optimal maintenance strategy. Real-time monitoring
systems have been developed for remote monitoring to further extend the research
findings for accurate damage assessment prediction. The development of the condition
monitoring system has been elaborated in the current chapter. The contents of the

chapter have been mentioned in Figure 6.1.

Wireless Condition Monitoring Systeﬂ

A\ 4 \ 4
Remote Terminal Units Base Station
HP_RTU NCEM_Smartv1.0

v

Proactive Corrosion Detection System

Figure 6.1: Contents of the chapter

6.1 Wireless Condition Monitoring System

The development of remote condition monitoring requires wireless remote terminal unit

(RTU) and the base station. The wireless remote terminal unit attached with sensors for
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measurements of critical parameters and should be able to transmit data wirelessly to
the base station. The base station needs to collect data and store in database for further
data analysis. Two remote terminal units have been developed along with the base
station system during the current project as shown in Figure. 6.2. The HP_RTU (High-
Performance Remote Terminal Unit) is based on high-performance data acquisition
systems developed by National Instruments (Instruments, N.). The second remote
terminal unit is low cost based on commercially available Arduino boards and
integrated circuits. The purpose of developing high-performance remote terminal unit is
to utilise it for experimental purpose and set as a benchmark for low-cost remote
terminal unit. The remote terminal units are attached with sensors which are embedded
on a target object such as a vehicle. The current remote terminal system contains
temperature, humidity, strain gauge and corrosion sensors. The base station is receiving

data and storing it in a database for further analysis.

Remote Terminal Units Base Station

Target object

Sensors

Software for
analysis

NCEM_Smart v1.0

Low cost Remote terminal unit

Figure 6.2: Wireless Condition Monitoring System
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6.2 Remote Terminal Units (RTUs)

The algorithm for RTU is explained through flowchart shown in Figure. 6.3. The
remote terminal unit initialises Global System for Mobile Communications (GSM)
system and attempts to register with a network of corresponding SIM card. If the
registration is successful, the system proceeds to the next stage otherwise it tries again
by setting status LED for indication of an unsuccessful attempt. The next stage is to
energise the electrical circuits which are connected with sensors to take measurements.
The sensor suite includes corrosion, strain gauge, temperature and humidity sensors.
After acquiring measurements from sensors, the values are concatenated in the form of a
message. The date and time at which measurements have been taken are also included
in the message. Every remote terminal unit has its own device address that needs is
added in a message to get recognised by the base station. The system will wait for time
interval set by the user for the next measurement. The time interval depends on the
operating conditions of the structure. If steady operating environment is expected then
the time interval could be longer. If an unsteady and frequent change in operating

conditions is expected then time interval could be small.

6.2.1 HP_RTU

The HP_RTU module based on commercially available NI systems have been
developed for Laboratory experimentation and validation of results as compared to low-
cost RTU module. Furthermore, it can be used for various other experimental purposes
in Laboratory. The National Instruments provides various types of CompactDAQ and
CompactRI10 controllers which can be programmed and configured for a wide range of
stand-alone applications including research and analysis, design validation and
verification, manufacturing, quality testing, diagnosis, maintenance, automation and
condition monitoring of structures. The CompactDAQ is data acquisition unit which
integrates with compatible software and hardware modules that provide signal
conditioning for sensors and data transmission. It enables the engineers for speedy
development and implementation of the system application. On another hand, The
CompactRIO is a real-time embedded controller which is a combination of
reconfigurable 1/0 modules, field-programmable gate array (FPGA) module, real-time

controller and Ethernet expansion chassis.
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Figure 6.3: Flowchart for Remote terminal unit

It includes a real-time microprocessor to support a wide range of clock frequencies
and implementation of the application based algorithm. The Third-party modules can
also be attached with CompactRI10O for additional features. The applications that require
high-performance data computing can be implemented on Field Programmable Gate
Arrays (FPGA) module in Compact RIO. Therefore, the cRIO-9063 controller is
considered an ideal choice for research and development of real-time condition
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monitoring system and for future research. The cRIO-9063 controller as shown in
Figure 6.4 is high-performance, reliable and rugged with industrial standard
certification. The complete specifications of cRIO-9063 controller are given in

Appendix F.

Figure 6.4: cRI0-9063 controller (Appendix G)

The sensors detect any change in the environment through change in resistance and
they are also connected with electronic circuits for signal conditioning. The current,
voltage and resistance within electronic circuit follow Ohm’s Law (Voltage = Current *
Resistance). The change in environment results changes in resistance of sensors and the
change in resistance results in variation of current and voltage. The NI1-9207 1/0 module
is used which contains current and also voltage inputs. The sensor with voltage or
current output can be connected to NI-9207 which is embedded with cRIO-9063
controller. The NI-9207 provides 8 input voltage channels of +10 volts with 24-bit
resolution and 8 current input channels of +20mA. In the current project, the uLPR

sensor and micro-strain gauge sensors are connected to NI-9207 for signal conditioning.

The corrosion rate is measured through the change in current using uLPR sensor
which is connected to the current channel of NI-9207 and the p-strain gauge sensor
measures development of stresses on coating surface that is connected to voltage
channel of NI-9207. The internal circuit diagram of NI-9027 is given in Figure 6.5(b)
which contains multiplexers, amplifiers, and analog-to-digital converter. The input
signals are scanned then amplified at an appropriate voltage or current level. The signals

are then conditioned and sampled by using analogue-to-digital converter of 24-bit
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resolution. The complete description and specifications of NI-9207 are given in

Appendix H.
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Figure 6.5: NI-9207 module (Appendix H)

Another 1/0 module used for signal conditioning for temperature sensors is N1-9217.
It provides four input channels for PT100 RTD. The internal circuit diagram of NI1-9217
Is shown in Figure. 6.6(b). The circuit contains connection for excitation current,
detection module for 3-wire and 4-wire type PT100 RTD, amplifier and analogue-to-
digital converter. It provides ImA of excitation current per channel. The 3-wire and also
4-wire type ofPT100 RTD are compatible and detected automatically by NI-9217. The
signal is amplified and converted into digital signal with 24-bit resolution. The complete

description and specifications of NI1-9217 are given in Appendix I.

l Excitation
Current
4-Wire EX O
s - |
Filtered
3-wire & 4-wire Amplifier ADC
RTD- O Detection &
Compensation
COM ¢
v ) NI 9217
(@ NI-9217 (b) Internal circuit diagram

Figure 6.6: NI-9017 module (Appendix I)

112



Chapter 6: Wireless Condition Monitoring System

The third-party module SEA-9741 as shown in Figure 6.7 is used for wireless
transmission of sensors measurements to the base station (Sea-Gmbh)It offers various
features and support for text messaging (SMS), remote access via mobile network, web-
based configuration and Global Positioning System. The SMS feature has been used for
the development of a condition monitoring system in the current project. The complete

description and specifications of SEA-9741 are given in Appendix J.

Figure 6.7: SEA-9741 module (Appendix J)

The 1/0O modules NI-9027 and NI-9217 along with third-party module SEA-9741 are
connected with cR10-9063 to form a high-performance wireless remote terminal unit.
The sensors are attached with I/modules and the RTU is configured and programmed
according to the flowchart shown in Figure 6.3 using Laboratory Virtual Instrument
Engineering Workbench (LabVIEW) software. The programs-subroutines in LabVIEW
are called Virtual Instruments (V1s) which has three components such as block diagram,
front panel and connector panel. The block diagram contains functions, icons wires,
subVIs and other objects as shown in Figure 6.8(a). The LabVIEW integrates the
graphical program on block diagram into the development cycle. The front panel
contains indicators and controls as shown in Figure 6.8(b). The connector panel

includes terminals that correspond to the indicators and controls of VIs.

6.2.1.1 Application of strain gauge sensor

One of the major driving factors for de-bonding driving force is the development of
stress/strain within the coating. The performance of p-strain gauge sensor has been
analysed with the aim of using it for real-time stress measurements at remote locations.

Two samples were prepared to analyse the performance of u-strain gauges.
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Figure 6.8: Components in LabVIEW software

The p-strain gauge sensor with grid resistance of 350Q2 + 0.2 has been used to
observe the stresses behaviour on the coating surface., the accessories mentioned in
Figure 6.9 were used to mount the sensor on the coating surface of the sample. M-Prep
neutralizer is applied on coating surface for conditioning before mounting sensor. PCT-
2M tape is used to carefully place the sensor on the coating-substrate sample. The strain
gauge sensor is then cleaned with M- Bond 200 catalyst-C. The sensor was then
attached by using M-Bond 200. After a few minutes the PCT-2M gauge installation tape
is removed. The sensor is then attached with wires to connect with Data acquisition
unit. The soldering of wires with sensors also involves several steps as shown in Figure
6.10.

Figure.6.9: Accessories used for strain gauge installation
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Figure 6.10: Several steps involved in the installation of the strain gauge sensor on the coated sample

The experimental analysis of p-strain gauge sensor has shown promising results to
utilise the configuration for real-time stress measurement. The sample was kept in an
environmental chamber to provide different levels of temperature. The result of only
one sample is shown in Figure 6.11. It can be seen that the change in temperature is
resulting in the development of thermal stress and its behaviour can be observed

through p-strain gauge sensor.

The configuration for mounting the sensor on the sample explained in current work
can also be applied on structures which are operating in outdoor environmental
conditions by applying protective bonding on the sensor to avoid short circuit problem
due to rain. The sensor on the sample was also covered with protective bonding as
shown in Figure 6.12. It was dipped in an aqueous solution as shown in Figure 6.13 in

the laboratory and checked for any short circuit problem.
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Figure 6.11: Experimental results acquired from strain gauge monitoring system from sample

Figure 6.12: Applying protective coating on the sensor
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Figure 6.13: Sample after immersion test
The complete HP_RTU system is shown in Figure 6.14 that contains sensors
connected with 1/0 Modules. These modules are attached to cRIO-9063 and SEA-9741
for wireless transmission. The LabVIEW program for HP_RTU system is given in

Appendix L.

_ Sensors

Figure 6.14: High-Performance Remote Terminal Unit

6.2.2 NCEM_Smartv1.0 RTU

The NCEM_Smartv1.0 RTU has been developed for the real-time condition monitoring
system for structures operating at remote locations. The low-cost NCEM_Smartv1.0 is

developed for monitoring numerous structures in the future to extend the research
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findings. The NCEM_Smartv1.0 RTU has multiple channels of Temperature, Humidity,
Corrosion and Strain sensors. The flow chart shown in Figure 6.15 illustrates the
working of NCEM_Smartv1.0 RTU in detail. The open-source and extendable
electronic platform Arduino Mega 2560 Rev3 is selected for development as shown in
Figure 6.16. It provides 16 analog inputs and 54 digital I/O’s which are adequate to
integrate Real Time Clock (RTC), GSM, status leds and multiple channels for sensors.
Every NCEM_Smartv1.0 RTU will have its unique device ID to be recognised by the
base station. The systems need to be configured for current Time and Date for the first
time. The time interval between the sensors measurements can also be adjusted within
Arduino IDE software. The NCEM_Smartv1.0 initialises all the attached modules
which include GSM, RTC and set the status LED. The status LED indicates the

successful initialisation of attached modules and registration of SIM card in GSM.

| Start NCEM_Smart
N j

Interrrupt
\ 4 > Wake up Arduino Mega
Device ID, Time interval,
Date, Time
v
7 Sensor Measurements
Initialise RTC, GSM and set status LED Energise sensor conditioning circuits

Measure Corrosion, strain, temperature
\ 4 and humidity

Set Time interval in RTC
Put Arduino Mega in sleep mode i

Check Batteries status

,, '

NO Wait till Time 1 Combine readings in the form of packet
Interval Add device address and unique code

v

Transmit message via GSM

Figure 6.15: Flowchart for NCEM_Smartv1.0
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The time in the RTC module as shown in Figure 6.17 can be adjusted to generate an
interrupt after a specified time interval. The system goes to sleep mode after adjusting
next interval for an interrupt in RTC. This interrupt from RTC wakes up the system to
perform interrupt service routine. During the interrupt service routine, the system

performs signals conditioning for sensors to take measurements.

Figure 6.16: Arduino Mega 2560 Rev3 Figure 6.17: Real Time Clock

The electronic circuits for sensors were built and attached to Arduino Mega. Figure
6.18 shows the electronic circuit for uLPR sensor. The DC voltage is converted into a
low voltage of ~20mV and applied across sensor and resistor. The corrosion reaction
results in a change in resistance which changes current within the circuit. The low
current is amplified using non-inverting Operational amplifier 1C-741 to make it
measurable by Arduino Mega. The gain (G) for IC-741 amplified is given by the

following relation:
R
G=1+ -2
R 6.1
where Ry = 100k and R = 10k in the circuit. The equations to calculate the

corrosion rate are implemented in Arduino Mega.

100K
LPR
AN H )

- 10k
oy +
— 20 § 20mV glk
I

an Arduino
Mega

741

oV

Wy
100k

Figure 6.18: Electronic circuit for uLPR sensor
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The electronic circuit for p-strain gauge sensor connected to Arduino Mega is shown
in Figure 6.19. The u-strain gauge sensor is connected within the Wheatstone bridge.

The low voltage of ~20mV is applied across the Wheatstone bridge with known

resistances and followed by the following relation:
R, _
RZ B Rx

Any change in strain results in variation of current within the circuit. The low current

Ro _ . 6.2

is amplified and input into Arduino Mega to record the measurement.

100K

AN, a1 An Arduino

u-strain gauge 10k Mega

) 1k -
i‘ Ro
l av
MW
100k
R2 § Rx

Figure 6.19: Electronic circuit for p-strain gauge sensor
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The DHT22 sensor has been integrated for temperature humidity measurements. The
specifications of DHT22 sensor has been mentioned in Appendix K. The electronic
circuit for DHT22 sensor is shown in Figure 6.20. The NCEM_Smart system also

monitors the power life of the battery. The circuit diagram is shown in Figure 6.21.

DHT22
9K
Arduino
- I~ Iu. - + An
— +9v<> Mega
I —
1K
An Arduino
47K Mega
5V
Figure 6.20: Electronic circuit for DHT22 sensor Figure 6.21: Electronic circuit for battery life

After executing the signal condoning for sensor measurements, all the readings are

combined in the form of the message. The device address and unique codes associated
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with sensors are included in the message. The GSM module shown in Figure 6.22

transmits the data to the base station using SIM card.

Figure 6.22: GSM module

The system will set up next time in RTC for next interrupt and goes to sleep mode till
next measurements. The developed NCEM_Smartvl.0 RTU system is shown in Figure
6.23. The data sheet and program code of NCEM_Smartv1.0 are given in Appendices
M and N, respectively.

(@) Internal view (b) External view

Figure 6.23: NCEM_Smartv1.0 RTU

6.3 Base Station

The algorithm executing at the base station is explained through the flowchart shown in
Figure 6.24. The software at the base station attempts to register for network
connection. It constantly checks for incoming messages from any remote terminal unit.
If any message is received from the remote terminal unit then it identifies the remote
terminal unit through device address, decrypts the message to extract sensors readings
and store into the database. Each remote terminal unit has its own database file. The

real-time measurements are also visible on the graphical user interface which also
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shows the location of the corresponding sensor on the structure. The Graphical user
interface of software at the base station attached with GSM is shown in Figures 6.25

and 6.26. The LabVIEW program of base station is given in Appendix O.

© J
| Start Base Station
N

‘ |
NO

Initialise GSM module

NO—
Check for incoming message NO
Delete messages to
free memory
T
If Recieved YES

YES

\/

Extract sensors values and
Time, Date from message

Check if message
buffer is full

Store sensor values, Time
and Date in database

Figure 6.24 Flow chart for Base Station

The sensors were also tested in the laboratory to validate the sensor measurements and
wireless monitoring. The sensors were kept in a salt spray chamber to observe the
behaviour according to the environment in the chamber as shown in Figures 6.27 to
6.31.
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Figure 6.25: Base Station system
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Figure 6.26: Graphical user interface of software at the base station
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Figure 6.28: The RTU's connected with sensors Figure 6.29: Sensors arl]re kgpt inside the salt spray
chamber

Figure 6.30: The base station system displaying measurements from RTUs
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Figure 6.31: The base station system displaying measurements from RTUs

6.4 Proactive Corrosion Detection System

The military vehicles in ‘The Tank Museum’, Bovington, UK are often operated in
diverse and harsh atmospheric conditions in the coastal region of Dorset, UK. The wind
speed, high amount of salinity in the air and variation in temperature as vehicles moves
to different locations and environment causes a potential threat to high-value large
vehicles. The past study has revealed that the tensile stresses due to temperature
gradient are responsible for the opening of micro-cracks which controls the number of
corrosive particles diffusing into the coating-substrate interface. The proposed system
based on chemical and mechanical sensors to detect any potential threat to structure in
two stages. In the first stage, the u-strain gauge sensor monitors the opening and
contraction of micro-cracks by measuring residual stresses due to change in
temperature. In the second stage, the corrosion sensor under the coating will detect
corrosion reaction due to the diffusion of corrosive particles into coating-substrate. The
experimental setup based on the proposed technique is well illustrated in Figure 6.32.

The stresses developed in coating depend on the differential thermal expansion of
coating and substrate material. The difference in coefficient of thermal expansion
between coating and substrate plays a major role in the behaviour of stresses in the
coating as the increase in difference results increase in stress level. Consider a coating-

substrate system with an applied coating having a higher value of the coefficient of
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thermal expansion than the substrate. In past experimental study, It was observed that
when the temperature drops, the coating tries to shrink but the substrate having low
value of the coefficient of thermal expansion restricts the coating to contract as a result
the coating experiences tensile stress which opens the crack and allows corrosive
particles to diffuse (Nazir, M. et al., 2015b). The development of tensile stress in
coating resulting in the opening of crack and allowing corrosive particles to diffuse as
shown in Figure 2.12. The sensor suite in the current work contains temperature sensor,
u-strain gauge sensor and ULPR sensor. The strain gauge temperature sensor monitors
change in temperature, p-strain gauge monitors the development of residual stresses and

ULPR sensor detects corrosion reaction.

T

;_r Temperature

7 A ~————Tensile stress

~

Coating

Substrate LPR sensor

Figure 6.32: Proactive corrosion detection system

6.5 Experimental methodology

The proactive corrosion monitoring system has been validated through accelerated
corrosion testing in laboratory. Three aluminium 6082 samples with 33mm of thickness
with 2’ x 2°” dimensions were prepared for experiments. The Modulus of elasticity and
coefficient of thermal expansion of aluminium 6082 are 70GPa and 24x10-6 K-1,

respectively. Preparation of samples involved following steps:
. Polishing the surface interface of samples
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. Installation of ULPR sensor on surface interface of sample
. Coating the sample with red-oxide primer
. Installation of p-strain gauge sensor on coated surface of sample

The samples surface were polished using emery paper with grit size of 80 as shown in
Figure 6.33. The Optical Inferometery was used to measure the surface roughness at 8
different locations of each sample. Table 6.1 shows the average roughness value of each

sample. The samples were cleaned with deionised water after the polishing.

Sample 1 Sample 2 Sample 3

Figure 6.33 Polished samples

Table 6-1 Surface roughness of each sample

Sample 1 Sample 2 Sample 3
Ra(um) Ra(um) Ra(um)
Average Roughness 1.501 1.197 1.335

The working electrode of ULPR sensor was attached to the sample interface. The uLPR
sensor has 40mm x 20mm x 0.1mm of dimensions. Adhesive tape is applied on back of
sensor to keep it in place and in touch with sample surface as shown in Figure 6.34.

RTU system attached to pLPR sensor transmits measurements to the base station.
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Figure 6.34 Sample with uLPR sensor

The red-oxide primer was applied on sample using conventional spray gun at 300K
temperature. It has Elastic modulus of 6.14 GPa and coefficient of thermal expansion of
21x10°K, The samples were dried for next 24hrs before another coating. Coating was

applied three times to entirely cover the sample surface as shown in Figure 6.35 .

Figure 6.35 Sample with p LPR sensor
The p-strain gauge sensor was embedded on coated sample as shown in Figure 6.36. It
requires carful soldering and placement due its sensitivity and small size. The sample
with pLPR and p-strain gauge sensor is shown in Figure 6.37. Number of experiments
were carried out on samples in environmental chamber as shown in Figure 6.38. The
samples were placed inside 10% salt solution excluding strain gauge senor area to avoid

short circuit.
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Figure 6.38 Sample inside environmental chamber

6.6 Results and discussions

The response of RTU system that consists of p-strain gauge, HLPR, temperature and
humidity sensors have been investigated through experiments in laboratory. The

accelerated corrosion environmental conditions were provided to the samples with
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different temperature gradients. Three experiments were performed to observe the
stress/strain behaviour and corrosion reaction under the coating. The measurements
form sensors were continuously recorded at regular time intervals. The measurements
from pPLPR sensor were recorded at 1min time interval and the measurements from p-

strain gauge were recorded at 30s of time interval.

Experiment 1: First experiment was initiated at 313.14K+2 temperature and the
increase in strain was recorded as temperature rises from room temperature as shown in
Figure 6.39. The strain produced during installation of sensor is considered as offset
which is subtracted from initial value of strain measurement to start the reading from
zero. The measurements from p-strain gauge sensor has shown that the development of
tensile strain reaching to 1200ue. The temperature was kept constant for next three
hours and reduced to 283.15+2 after 3 hours. High negative temperature gradient
resulted in development of compressive strain and the value of strain was recoded to be
decreasing from 1200 pe to -200 pe. The pLPR sensor installed under the coating is
monitoring the corrosion reaction. The front face of ULPR sensor is attached to
substrate interface which acts as working electrode. The resistance of ULPR sensor is
maximum in the absence of corrosion. The corrosion was detected as sample was placed
inside the beaker containing salt solution as shown in Figure 6.40. It shows the presence
of micro-cracks that weakens the coating barrier and allows salt particles to diffuse

which resulted in corrosion.

Experiment 2: Small temperature gradient was applied in second experiment. The
temperature in environmental chamber was set up at room temperature for 30mins in the
beginning of experiment. No significant variation in strain measurements was observed
as shown in Figure 6.41. The change in temperature (AT = -18K) resulted in
development of compressive strain and value of strain recorded as decreasing from Ope
to -900pe. In the beginning of experiment, the sample was not placed inside the salt
solution to monitor the corrosion reaction without any corrosive solution. Therefore, No
signs of corrosion has been found as shown in Figure 6.42 during 30mins of an
experiment. The corrosion was detected as the sample was inserted into the salt

solution.
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Experiment 3: Small and large temperature gradients were applied in third experiment.
Initial temperature resulted in compressive strain at 292.15K + 2 temperature. Small
change in temperature (AT = -3.3K) resulted in slight increase in compressive strain as
shown in Figure 6.43. Increase in temperature after almost 2.8hrs resulted in
development of strain. Low magnitude of corrosion was recorded during first 2.8hrs of
experiment, while high magnitude of corrosion was recorded as temperature was
increased from 290.15K + 2 to 298.15K + 2. This behaviour can be linked to the
development of strain subjected to change in temperature. The increase in temperature
resulting in tensile strain which allowed more salt particles to diffuse and increase the

magnitude of corrosion reactions as shown Figure 6.44.
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Figure 6.39 Measurements of pi-strain gauge sensor during 1st experiment
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Figure 6.40 Measurements of PLPR sensor during 1st experiment
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Figure 6.41 Measurements of pi-strain gauge sensor during 2nd experiment
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Figure 6.42 Measurements of pLPR sensor during 2nd experiment
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Figure 6.43 Measurements of pi-strain gauge sensor during 3rd experiment
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Figure 6.44 Measurements of pLPR sensor during 3rd experiment

The inspection and assessment of corrosion damage beneath the coating are very
challenging to schedule the maintenance especially for structures at remote locations.
The existence of micro-cracks within the coating is not visible during visual inspection.
The analysis of results from all three experiments has shown that the combination of p-
LPR and p-strain gauges provides an effective solution for proactive detection of
corrosion in real time. When structures are moved from location such as Museum
environment and exposed to the outside environment, the change in temperature results
in the development of residual stresses. The measurements from p-strain gauge in
response to small temperature gradients can provide instant information regarding the
development of tensile or compressive stresses within the coating of structures as
observed in experiments. The u-LPR attached directly to the structure beneath the
coating working as the third electrode provide instant detection of corrosion reaction

that could occur due to the diffusion of salt particles.
6.7 Conclusion

The wireless condition monitoring system has been developed and tested in the
laboratory. The HP_RTU has been designed for experimental work and low-cost
NCEM_Smartv1.0 has been built to monitor multiple structures in future research
instead of buying expensive systems. The corrosion sensor was already used in previous

research and the performance of u-strain gauge sensor has been observed in current
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research. The developed RTUs contains corrosion and also p-strain gauge sensors

which can be used for the proactive corrosion detection system.
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Chapter 7: Conclusion and Future work

Modern prognostic solutions are limited to structures operating at a stationary location.
Several milestones have been achieved in current research to bridge the gap between the
predictions based on operating conditions and specifications of structural systems. The
current solution are applicable for sturutres operating mobile and at various
geographical locations. The solutions proposed in the current project will allow the
professionals to implement state-of-the-art condition monitoring system for optimising
maintenance activities without compromising the integrity of the structure. However,
this chapter provides explicit recommendations to extend the current solutions for an

inclusive condition monitoring system.
The objectives mentioned in Chapter 1. Section 1.4 have been achieved as follows:

1. The bending moment at the crack tips of blister controls the stoppage and
propagation of criteria of blistering failure. The threshold level of bending
moment also depends on residual and diffusion-induced stresses. The criteria for
the propagation of blister is re-defined as a function of residual and diffusion-
induced stresses. Comprehensive prognostic algorithm for the development and
propagation of blister based on various multidiscipline parameters has been
proposed in Chapter 3. The algorithm can be further extended to estimate the
propagation speed of blistering failure that leads to predict the component/part
failure of the structure. According to the visual inspections at The Tank
Museum. The frequent number of coating damages has been identified on large
vehicles with complex architecture.

2. The structures often operate in diverse environmental conditions at remote
geographical locations. The salinity in the atmosphere along with other
environmental factors diffuse through micro-cracks in coating and results in
corrosion damage. Current research has analysed the deterioration factors such
as wind speed for the structures operating at remote locations and proposed
solutions that include the effect of speed of wind along with the temperature,
humidity and time of exposure. Therefore, the solutions proposed in the current
work are applicable to various geographical locations. The corrosion monitoring
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of large vehicle has been carried out using Linear Polarisation Resistance
method at ‘The Tank Museum’ for more than 2.5 years, recording around 90k
measurements. The significantly varying wind speed is also identified as one of
the major reason to control the corrosion beneath the coating. A comprehensive
algorithm that predicts the diffusion of salinity due to the effect of
meteorological factors along with wind speed has been proposed in Chapter 4.
The simulation analyses for multiple scenarios of winter and summer seasons
have been presented to evaluate the worse and suitable conditions for metal
structures. The proposed model can be used for making maintenance decision
for structures operating at remote locations.

3. The maintenance activities including recoating of metal structures incur the
highest amount of cost. The present Condition-based-Maintenance solutions do
not incorporate critical features of structures such as coating thickness, surface
roughness, coating and substrate properties to decide maintenance schedule.
Experimental findings have shown significant impact of critical features on the
useful life of structures. Current research has evaluated the impact of critical
features in terms of cost by bridging the gap between paramters of different
disciplines. Therefore, a multidisciplinary research approach has been adopted to
propose optimal condition-based-maintenance framework. The results have
shown that the cost-effective maintenance strategy among Patch and Component
recoat can be selected depending on number patch failures and size of the
component. The uniform database that includes all possible parameters to
implement the optimal CBM framework has been proposed in Chapter 5. The
organisations and research academia should also focus on providing and
implementing the mechanism to record the maintenance history of large metal
structures with all critical parameters.

4. When structures are moved from location such as Museum environment and
exposed to the outside environment, the change in temperature results in the
development of residual stresses. These stresses result in the development of
micro-cracks and allows salt particles to diffuse. Current work evaluated the
performance of p-strain gauge for small and large temperature gradients on
metal samples coated with red oxide primer. The instant response of p-strain

gauge subjected to variation in temperature and wireless communication system
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makes it suitable for real-time monitoring for residual stresses. The wireless
real-time condition monitoring systems have been developed to record real-time
commplex parameters including corrosion reaction, residual stresses,
temeprature and humidity and maintain a database of maintenance history. The
system contains a remote terminal unit and base station. One high-performance
RTU and one low-cost RTU have been developed with corrosion, strain,
temperature and humidity sensors. These systems were tested in a laboratory

experiment for any functional error.
7.1 Inclusive Condition Monitoring System

The solutions and systems developed in a current research project can be utilised to
build an Inclusive condition monitoring system for complex metal structures operating
at remote locations. The basic architecture of an Inclusive condition monitoring system
has been shown in Figure 7.1. The system contains input parameters and prognostic
models of various failure modes. The Uniform data base provides the system
specifications of structures, maintenance history and information about past events of
structural deterioration. The addition of machine learning algorithms in condition
monitoring system can assist in predicting the structural failures more accurately in real-

world scenarios.

e DY e N

‘ Input Paramters H Apply prognostic models
i 1 tOptimal maintenance strategyJ
, \

[ Uniform datbase Machine learning algorithms

\

Figure 7.1: Basic architecture of an Inclusive Condition Monitoring System

The comprehensive illustration of Inclusive Condition Monitoring System has been
shown in Figure 7.2. The real-time monitoring system will provide measurements of
critical parameters acting in operating conditions. The real-time monitoring system has
been developed with various sensors as explained in Chapter 6. The system

specifications and cost associated parameters can be provided through the uniform
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database system. The next stage is to apply various prognostic models of potential
structural failure mode. For example, if the structure is operating near a coastal area in
dynamic weather conditions. The high corrosion damage through micro-cracks due to
salinity and blistering failure due to temperature change is expected. The condition
monitoring system applies both prognostic models as proposed in Chapter 3 and
Chapter 4 to identify the reason and decide corrective maintenance measures using the

framework as proposed in Chapter 5.
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Figure 7.2: Inclusive Condition Monitoring System

7.2 Recommendations

The prognostic algorithm needs to be extended for the particular part failure of an
individual structure. The organisations need to set up benchmarks for the complete
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failure of structures and parts of structures operating in particular operating conditions.
The mechanism should be introduced to maintain a comprehensive uniform database
that should contain previous error rates along with meteorological parameters of

operating conditions, structural system specifications and previous maintenance history.

The machine learning can be incorporated to make predictions more accurate for
specific structures operating in any particular environment. The machine learning
algorithms keeps the track of previous difference in estimation of failure and learns to
minimise the gap between theoretical calculations and the actual time of any structural
breakdown event as shown in Figure 7.3. The critical parameters and algorithms
proposed in the project can also be used with machine learning methods to make more
accurate maintenance predictions. Machine learning algorithms are the mathematical
models based on training data set. The accuracy of predictive maintenance using
machine learning algorithms depends on the availability of historical data containing all
possible parameters regarding events that leads to failure, appropriate framing of the
problem and proper evaluation of predictive algorithms. The domain experts and data
scientists would be involved in the process of data collection to make sure that the data
is suitable for the model to be developed. Once the data collection process is complete,
the next task is to select appropriate algorithm subject to the problem. The machine
learning methods are mainly characterised as following:

¢ Instance-based algorithm
e Regression analysis
e Regularization algorithm

e Classifiers
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Decrease in error rate after
applying PID controller

Theoretically calculated \\
failure event \

Structure Condition

Real Time
Figure 7.3: Application of machine leanring algorithms

7.3 Summary

The milestones achieved in the current multidisciplinary research project have provided
very comprehensive Structural Health Monitoring System for large metal structures
operating remote locations at various geographical locations. The wireless monitoring
system has also been developed to further expand the research findings not limited to
SHMS. The future recommendations to take this project forward have been explained

explicitly.

141



References

References

Ailor, W. H., 1982. Atmospheric corrosion. W. H. Ailor, Ed., 1028 pages, hard cloth, 7 X 10
in.(18 X 25 cm), Electrochemical Society Monograph Series, John Wiley and Sons, New
York, New York, 1982.5 150.

Alaswad, S., and Xiang, Y., 2017. A review on condition-based maintenance optimization
models for stochastically deteriorating system. Reliability Engineering & System Safety,
157, 54-63.

Allahar, K. N., Orazem, M. E., and Ogle, K., 2007. Mathematical model for cathodic
delamination using a porosity—ph relationship. Corrosion Science, 49 (9), 3638-3658.

Astm. Standard practice for evaluating degree of rusting on painted steel surfaces.

Au-Yong, C. P, Ali, A. S., and Ahmad, F., 2013. Significant characteristics of scheduled and
condition-based maintenance in office buildings. Journal of Performance of
Constructed Facilities, 28 (2), 257-263.

Bastidas-Arteaga, E., Chateauneuf, A., Sanchez-Silva, M., Bressolette, P., and Schoefs, F., 2011.
A comprehensive probabilistic model of chloride ingress in unsaturated concrete.
Engineering Structures, 33 (3), 720-730.

Bastug, T., and Kuyucak, S., 2005. Temperature dependence of the transport coefficients of
ions from molecular dynamics simulations. Chemical physics letters, 408 (1-3), 84-88.

Basu, D., and Khan, D., 1972. Short communication on role of different variables on
atmospheric corrosion in marine environment-effect of proximity to sea. NML
Technical Journal, 14 (1), 34-36.

Bressers, J., Peteves, S., and Steen, M. 2000. Coatings for hot section gas turbine components,
European Structural Integrity Society (Vol. 26, pp. 115-134): Elsevier.

Brown, D. W., Connolly, R. J., Darr, D. R., and Laskowski, B., 2014. Linear polarization resistance
sensor using the structure as a working electrode. Paper presented at the Proceedings
of the Second European Conference of the Prognostics and Health Management
Society, Nantes, France.

Brown, D. W., Connolly, R. J., Laskowski, B., Garvan, M., Li, H., Agarwala, V. S., and
Vachtsevanos, G., A novel linear polarization resistance corrosion sensing methodology
for aircraft structure.

Choi, S. R., Hutchinson, J. W., and Evans, A., 1999. Delamination of multilayer thermal barrier
coatings. Mechanics of Materials, 31 (7), 431-447.

Chuang, T.-J., Nguyen, T., and Lee, S., 1999. Micro-mechanic model for cathodic blister growth
in painted steel. Journal of Coatings Technology, 71 (895), 75-85.

Chuang, T., Nguyen, T., and Li, S., 1997. A non-osmotic blister growth model in coating systems.
Paper presented at the Damage and failure of interfaces. 1st International Conference.
Proceedings.

Corrosion. Corrosion fundamentals. Available from:
https://corrosion.ksc.nasa.gov/unifcor.htm [Accessed.

Corvo, F., Pérez, T., Martin, Y., Reyes, J., Dzib, L., Gonzédlez-Sanchez, J., and Castafieda, A., 2008.
Time of wetness in tropical climate: Considerations on the estimation of tow according
to iso 9223 standard. Corrosion Science, 50 (1), 206-219.

Faulhaber, S., Mercer, C., Moon, M.-W., Hutchinson, J., and Evans, A., 2006. Buckling
delamination in compressed multilayers on curved substrates with accompanying
ridge cracks. Journal of the Mechanics and Physics of Solids, 54 (5), 1004-1028.

142



References

Feliu, S., Morcillo, M., and Feliu Jr, S., 1993a. The prediction of atmospheric corrosion from
meteorological and pollution parameters—i. Annual corrosion. Corrosion Science, 34
(3), 403-414.

Feliu, S., Morcillo, M., and Feliu Jr, S., 1993b. The prediction of atmospheric corrosion from
meteorological and pollution parameters—ii. Long-term forecasts. Corrosion Science,
34 (3), 415-422.

Firbeth, W., and Stratmann, M., 2001. The delamination of polymeric coatings from
electrogalvanised steel-a mechanistic approach.: Part 1: Delamination from a defect
with intact zinc layer. Corrosion Science, 43 (2), 207-227.

Galindo, R. E., Van Veen, A, Evans, J., Schut, H., and De Hosson, J. T. M., 2005. A modified
blister test to study the adhesion of thin coatings based on local helium ion
implantation. Thin Solid Films, 471 (1-2), 170-176.

Gilber, N. Structural steel. Available from:
https://www.azom.com/article.aspx?ArticlelD=6022# [Accessed.

Goldstein, J. I., Newbury, D. E., Michael, J. R., Ritchie, N. W., Scott, J. H. J., and Joy, D. C., 2017.
Scanning electron microscopy and x-ray microanalysis. Springer.

Grundmeier, G., Reinartz, C., Rohwerder, M., and Stratmann, M., 1998. Corrosion properties of
chemically modified metal surfaces. Electrochimica acta, 43 (1-2), 165-174.

Grundmeier, G., Schmidt, W., and Stratmann, M., 2000. Corrosion protection by organic
coatings: Electrochemical mechanism and novel methods of investigation.
Electrochimica Acta, 45 (15-16), 2515-2533.

Hall, C. E., 1953. Introduction to electron microscopy. McGra-hill Publishing Company Ltd;
London.

Harris, S., Mishon, M., and Hebbron, M., 2006. Corrosion sensors to reduce aircraft
maintenance. Paper presented at the Rto avt-144 workshop on enhanced aircraft
platform availability through advanced maintenance concepts and technologies.
Vilnius, Lithuania.

Hertzberg, E. 2016. Estimated impact of corrosion on cost and availability of dod weapon
systems: Fy2016: Report SAL4IT2.

Herzberg, E. F., Ambrogio, E. D., Barker, C. L., Harleston, E. F., Haver, W. M., O’meara, N. T.,
Marafioti, R. J., Stimatze, G. L., Timko, A., and Tran, J. C., 2006. The annual cost of
corrosion for army ground vehicles and navy ships. LM/ Report SKT50T1.

Holmberg, K., and Mathews, A., 1994. Coatings tribology: A concept, critical aspects and future
directions. Thin Solid Films, 253 (1-2), 173-178.

Hornbacher, A. Steel S aluminum. Available from:
https://www.wenzelmetalspinning.com/steel-vs-aluminum.html [Accessed.

Hsueh, C.-H., 2002. Modeling of elastic deformation of multilayers due to residual stresses and
external bending. Journal of Applied Physics, 91 (12), 9652-9656.

Huang, M.-W.,, Allely, C., Ogle, K., and Orazem, M. E., 2008. A mathematical model for cathodic
delamination of coated metal including a kinetic ph—porosity relationship. Journal of
the Electrochemical Society, 155 (5), C279-C292.

Hutchinson, J., Thouless, M., and Liniger, E., 1992. Growth and configurational stability of
circular, buckling-driven film delaminations. Acta metallurgica et materialia, 40 (2),
295-308.

Hutchinson, J. W., 1996. Stresses and failure modes in thin films and multilayers. Notes for a
Dcamm Course. Technical University of Denmark, Lyngby, 1-45.

Hutchinson, J. W., and Suo, Z., 1991. Mixed mode cracking in layered materials. In: Advances in
applied mechanics Vol. 29: Elsevier, 63-191.

143


http://www.azom.com/article.aspx?ArticleID=6022
http://www.wenzelmetalspinning.com/steel-vs-aluminum.html

References

Inspectioneering. Nace study estimates global cost of corrosion at $2.5 trillion annually.
Available from: https://inspectioneering.com/news/2016-03-08/5202/nace-study-
estimates-global-cost-of-corrosion-at-25-trillion-ann [Accessed.

Instruments, N. National instruments. Available from: http://www.ni.com/en-gb.html
[Accessed.

Irwin, G. R., 1957. Analysis of stresses and strains near the end of a crack traversing a plate.
Journal of Applied Mechanics, 24, 351-369.

Jahnsen, H., 2001. Delamination of coatings. Handbook of materials behavior models.

Javaherdashti, R., 2000. How corrosion affects industry and life. Anti-corrosion methods and
materials, 47 (1), 30-34.

Kappes, M., Frankel, G., and Sridhar, N., 2010. Adhesion and adhesion degradation of a
pressure sensitive tape on carbon steel. Progress in Organic Coatings, 69 (1), 57-62.

Keytometals. Classification of carbon and low-alloy steels. Available from:
http://www.keytometals.com/Articles/Art62.htm [Accessed.

Khan, Z. A., Latif, J.,, Hammad Nazir, A. S., and Stokes, K., 2018. Predictive and prognostic
modelling and simulation of coatings subject to corrosion and mechanical failures.
Materials Characterisation, 6 (3), 487-498.

Khan, Z. A., Latif, J., Nazir, M. H., Stokes, K., and Plummer, J., 2017. Sensor based corrosion
condition monitoring of coating substrate system informed by fracture mechanics,
electrochemistry and heat transfer concepts. In: Department of Defense - Allied
Nations Technical Corrosion Conference, Birmingham, AL, USA.

Klinesmith, D. E., Mccuen, R. H., and Albrecht, P., 2007. Effect of environmental conditions on
corrosion rates. Journal of Materials in Civil Engineering, 19 (2), 121-129.

Koch, G. E. A., 2016. Nace international impact.

Laidler, K. J., 1984. The development of the arrhenius equation. Journal of Chemical Education,
61 (6), 494.

Latif, J., Khan, Z. A., Nazir, M. H., Stokes, K., and Plummer, J., 2018a. Condition monitoring and
predictive modelling of coating delamination applied to remote stationary and mobile
assets. Structural Health Monitoring.

Latif, J., Khan, Z. A., Nazir, M. H., Stokes, K., and Plummer, J., 2018b. Life assessment prognostic
modelling for multi-layered coating systems using a multidisciplinary approach.
Materials Science and Technology, 34 (6), 664-678.

Levin, Z., and Cotton, W. R., 2008. Aerosol pollution impact on precipitation: A scientific review.
Springer Science & Business Media.

Li, J. C.-M., 1978. Physical chemistry of some microstructural phenomena. Metallurgical
Transactions A, 9 (10), 1353-1380.

Lim, C., Yan, B., Yin, L, and Zhu, L., 2012. Simulation of diffusion-induced stress using
reconstructed electrodes particle structures generated by micro/nano-ct.
Electrochimica Acta, 75, 279-287.

Lin, S., and Hwang, C. C., 1995. Nonlinear effect of self-induced electric field on diffusion-
induced stresses. Journal of applied physics, 78 (12), 7035-7039.

Liu, X., and Frankel, G., 2006. Effects of compressive stress on localized corrosion in aa2024-t3.
Corrosion science, 48 (10), 3309-3329.

Lovett, R., 1978. Quantitative measurement of airborne sea-salt in the north atlantic. Tellus, 30
(4), 358-364.

Ma, Y., Wang, G., Chen, Y., Long, D., Guan, Y., Liu, L., and Zhang, Z., 2018. Extended hencky
solution for the blister test of nanomembrane. Extreme Mechanics Letters.

Machen, J. D. Coating failure.  Available from: https://ktauniversity.com/blistering-bubbling-
coatings/ [Accessed.

144


http://www.ni.com/en-gb.html
http://www.keytometals.com/Articles/Art62.htm

References

Maiti, S. K., 2015. Fracture mechanics: Fundamentals and applications. Cambridge University
Press.

Martin, J., Embree, E., and Tsao, W., 1990. Non-osmotic, defect-controlled cathodic
disbondment of a coating from a steel substrate. JCT, Journal of coatings technology,
62 (790), 25-33.

Mcdonald, R., Unni, C., and Duce, R., 1982. Estimation of atmospheric sea salt dry deposition:
Wind speed and particle size dependence. Journal of Geophysical Research: Oceans, 87
(C2), 1246-1250.

Mcmahon, T., and Denison, P., 1979. Empirical atmospheric deposition parameters—a survey.
Atmospheric Environment (1967), 13 (5), 571-585.

Meira, G., Andrade, C., Alonso, C., Padaratz, I., and Borba, J., 2007. Salinity of marine aerosols
in a brazilian coastal area—influence of wind regime. Atmospheric Environment, 41
(38), 8431-8441.

Meira, G., Andrade, C., Alonso, C., Padaratz, |, and Borba, J., 2008. Modelling sea-salt
transport and deposition in marine atmosphere zone—a tool for corrosion studies.
Corrosion Science, 50 (9), 2724-2731.

Mejlbro, L., 1996. The complete solution of fick’s second law of diffusion with time-dependent
diffusion coefficient and surface concentration. Durability of concrete in saline
environment, 127-158.

Mendoza, A. R., and Corvo, F., 2000. Outdoor and indoor atmospheric corrosion of non-ferrous
metals. Corrosion Science, 42 (7), 1123-1147.

Morcillo, M., Chico, B., Mariaca, L., and Otero, E., 2000. Salinity in marine atmospheric
corrosion: Its dependence on the wind regime existing in the site. Corrosion Science, 42
(1), 91-104.

Nazir, M., Khan, Z., and Stokes, K., 2015a. Modelling of metal-coating delamination
incorporating variable environmental parameters. Journal of Adhesion Science and
Technology, 29 (5), 392-423.

Nazir, M., and Khan, Z. A., 2017. A review of theoretical analysis techniques for cracking and
corrosive degradation of film-substrate systems. Engineering Failure Analysis, 72, 80-
113.

Nazir, M., Khan, Z. A., Saeed, A., and Stokes, K., 2015b. Modeling the effect of residual and
diffusion-induced stresses on corrosion at the interface of coating and substrate.
Corrosion, 72 (4), 500-517.

Nazir, M., Khan, Z. A., Saeed, A., and Stokes, K., 2016a. A model for cathodic blister growth in
coating degradation using mesomechanics approach. Materials and Corrosion, 67 (5),
495-503.

Nazir, M., Khan, Z. A., and Stokes, K., 2015c. A holistic mathematical modelling and simulation
for cathodic delamination mechanism—a novel and an efficient approach. Journal of
Adhesion Science and Technology, 29 (22), 2475-2513.

Nazir, M., Khan, Z. A., and Stokes, K., 2015d. Optimisation of interface roughness and coating
thickness to maximise coating—substrate adhesion—a failure prediction and reliability
assessment modelling. Journal of Adhesion Science and Technology, 29 (14), 1415-
1445.

Nazir, M., Khan, Z. A., and Stokes, K., 2015e. A unified mathematical modelling and simulation
for cathodic blistering mechanism incorporating diffusion and fracture mechanics
concepts. Journal of Adhesion Science and Technology, 29 (12), 1200-1228.

Nazir, M., Khan, Z. A., and Stokes, K., 2016b. Analysing the coupled effects of compressive and
diffusion induced stresses on the nucleation and propagation of circular coating
blisters in the presence of micro-cracks. Engineering Failure Analysis, 70, 1-15.

145



References

Nazir, M., Saeed, A., and Khan, Z. A., 2018. Electrochemical corrosion failure analysis of large
complex engineering structures by using micro-lpr sensors. Sensors and Actuators B:
Chemical, 268, 232-244.

Nazir, M. H., 2015. In-situ corrosion health monitoring and prediction in military vehicle.
Thesis. Bournemouth University.

Nazir, M. H., and Khan, Z., 2015. Maximising the interfacial toughness of thin coatings and
substrate through optimisation of defined parameters. International Journal of
Computational Methods and Experimental Measurements, 3 (4), 316-328.

Nazir, M. H., Khan, Z. A., and Saeed, A., 2018a. A novel non-destructive sensing technology for
on-site corrosion failure evaluation of coatings. IEEE Access, 6, 1042-1054.

Nazir, M. H., Khan, Z. A., Saeed, A, Siddaiah, A., and Menezes, P. L., 2018b. Synergistic wear-
corrosion analysis and modelling of nanocomposite coatings. Tribology International,
121, 30-44.

Nazir, M. H., Saeed, A., and Khan, Z.,, 2017. A comprehensive predictive corrosion model
incorporating varying environmental gas pollutants applied to wider steel applications.
Materials Chemistry and Physics, 193, 19-34.

Ni, Y., and Soh, A., 2014. On the growth of buckle-delamination pattern in compressed
anisotropic thin films. Acta materialia, 69, 37-46.

Nielsen, J. S., and Sgrensen, J. D., 2018. Computational framework for risk-based planning of
inspections, maintenance and condition monitoring using discrete bayesian networks.
Structure and Infrastructure Engineering, 14 (8), 1082-1094.

Nims, D. K., and Colony, D. C., 2017. Luc-2-1682 long term maintenance of the anthony wayne
suspension bridge main cables. Ohio Department of Transportation, Office of
Statewide Planning & Research.

Perez, N., 2004. Electrochemistry and corrosion science. Vol. 412: Springer.

Prajapati, A., Bechtel, J.,, and Ganesan, S., 2012. Condition based maintenance: A survey.
Journal of Quality in Maintenance Engineering, 18 (4), 384-400.

Prawoto, Y., 2013. Unified model for blister growth in coating degradation using weight
function and diffusion concepts. Materials and Corrosion, 64 (9), 794-800.

Prawoto, Y., and Dillon, B., 2012. Failure analysis and life assessment of coating: The use of
mixed mode stress intensity factors in coating and other surface engineering life
assessment. Journal of failure analysis and prevention, 12 (2), 190-197.

Rajagopalan, K., Annamalai, P., Sundaram, M., and Rajagopal, C., 1971. Atmospheric corrosion
of steel in some tropical locations in india. Proc. 3rd Int. Cong. on Metallic Corrosion, 4,
532.

Revie, R. W., 2008. Corrosion and corrosion control: An introduction to corrosion science and
engineering. John Wiley & Sons.

Riemer, D. P., and Orazem, M. E., 2005. Modeling coating flaws with non-linear polarization
curves for long pipelines. Corrosion and Cathodic Protection Modelling and Simulation,
12, 225-259.

Roberge, P. R., Corrosion inspection and monitoring. a john wiley & sons Itd. publication.

Roylance, D., 2001. Introduction to fracture mechanics. Massachusetts Institute of Technology,
Cambridge, 1.

Saeed, A., 2013. Sustainable methodology of conserving historic military vehicles. Thesis
(Doctrate). Bournemouth University.

Saeed, A., Khan, Z. A., Nazir, H., Hadfield, M., and Smith, R., 2017. Research impact of
conserving large military vehicles through a sustainable methodology. International
Journal of Heritage Architecture, 1 (2), 267-274.

Saeed, A., Khan, Z. A., and Nazir, M. H., 2015. An optimised approach of protecting and
sustaining large vehicle system. Sustainability, 7 (12), 16451-16464.

146



References

Saeed, A., Khan, Z. A., and Nazir, M. H., 2016. Time dependent surface corrosion analysis and
modelling of automotive steel under a simplistic model of variations in environmental
parameters. Materials Chemistry and Physics, 178, 65-73.

Samson, E., Marchand, J., and Snyder, K. A., 2003. Calculation of ionic diffusion coefficients on
the basis of migration test results. Materials and structures, 36 (3), 156-165.

Schmauder, S., and Meyer, M., 1992. Correlation between dundurs’ parameters and elastic
constants. Z. Metallkd, 83 (7), 525.

Sea-Gmbh. Sea 9741 3g/gps communication module. Available from: https://www.sea-
gmbh.com/en/products/compactrio-products/mobile-communications/sea-9741-
3ggps/ [Accessed.

Si, X.-S., Wang, W., Hu, C.-H., and Zhou, D.-H., 2011. Remaining useful life estimation—a review
on the statistical data driven approaches. European journal of operational research,
213 (1), 1-14.

Standardization, I. O. F. Iso0 9223:2012

corrosion of metals and alloys -- corrosivity of atmospheres -- classification, determination and
estimation.

Stratmann, M., Feser, R., and Leng, A., 1994. Corrosion protection by organic films.
Electrochimica Acta, 39 (8-9), 1207-1214.

Suo, Z., and Hutchinson, J. W., 1990. Interface crack between two elastic layers. International
Journal of Fracture, 43 (1), 1-18.

Tam, C., and Stiemer, S., 1996a. Bridge corrosion cost model implementation and coating
maintenance model using dynamic programming. Journal of performance of
constructed facilities, 10 (2), 57-66.

Tam, C., and Stiemer, S., 1996b. Development of bridge corrosion cost model for coating
maintenance. Journal of performance of constructed facilities, 10 (2), 47-56.

Totalmateria. Aluminum alloys in military vehicles and equipment. Available from:
http://www.totalmateria.com/Article102.htm [Accessed.

Totten, G. E., 2002. Handbook of residual stress and deformation of steel. ASM international.

Ventsel, E., and Krauthammer, T., 2001. Thin plates and shells: Theory: Analysis, and
applications. CRC press.

Volinsky, A., Moody, N., and Gerberich, W., 2002. Interfacial toughness measurements for thin
films on substrates. Acta materialia, 50 (3), 441-466.

Wagner, C., and Traud, W., 1938. Concerning the evaluation of corrosion reactions by
superposition of electrochemical partial reactions and concerning the potential
formation on mixed electrodes. Z. Elektrochem, 44 (391), 52.

Wan, K.-T., and Liao, K., 1999. Measuring mechanical properties of thin flexible films by a shaft-
loaded blister test. Thin Solid Films, 352 (1-2), 167-172.

Worldweatheronline. Worldweatheronline. Available from:
https://ja.worldweatheronline.com/ [Accessed.

Ye, Z. S., and Xie, M., 2015. Stochastic modelling and analysis of degradation for highly reliable
products. Applied Stochastic Models in Business and Industry, 31 (1), 16-32.

Zhang, N.-H., and Xing, J.-J., 2006. An alternative model for elastic bending deformation of
multilayered beams. Journal of applied physics, 100 (10), 103519.

Zhang, X., Shyy, W., and Sastry, A. M., 2007. Numerical simulation of intercalation-induced
stress in li-ion battery electrode particles. Journal of the Electrochemical Society, 154
(10), A910-A916.

Zhao, X., Munroe, P., Habibi, D., and Xie, Z., 2013. Roles of compressive residual stress in
enhancing the corrosion resistance of nano nitride composite coatings on steel.
Journal of Asian Ceramic Societies, 1 (1), 86-94.

147


http://www.sea-gmbh.com/en/products/compactrio-products/mobile-communications/sea-9741-3ggps/
http://www.sea-gmbh.com/en/products/compactrio-products/mobile-communications/sea-9741-3ggps/
http://www.sea-gmbh.com/en/products/compactrio-products/mobile-communications/sea-9741-3ggps/
http://www.totalmateria.com/Article102.htm

Appendices



Appendix A: Paper |

Appendix A: Paper 1

AATERIALS: SCIEMCE AND TECHNOLOGY, 2012

Jom”

WOL 34, W06, 6ed-678 Thas bt of Wt T & Francis
hww1ﬂ.1mm?.1‘-m5ﬂ P remrads arsdl biving o et g
e

Life assessment prognostic modelling for multi-layered coating systems using
a multidisciplinary approach

Jawnwad Latif, Zulfigar Ahmad Khan ©2, Mian Hammad Mazir®, Keith Stokes® and Joseph Plummer®
*ManoCorr, Energy and Modelling (NCEM), Faculty of Saence & Technology, Bournesmauth University, Poole, UK; ®National Centre for

Advanced Tri

at Southampton {nCATS) Faculty of Engineering and the Environment, University of Southampton, Southampton, UK,

“Physical Sclences Division, Defence Sclence & Technology Laboratory DSTL, Ministry of Defence, Salisbury, UK

ABSTRACT

The multidisciplinary approach has been adopted to model the formation and propagation of
blistering effect for evaluation of usaful coating life in the mu it
tem. A prognostic model of de-bonding driving force has been formulated as a function of
material science, solid mechanics and fracture mechanics properties to estimate critical, safe and
fail conditions of the coating-substrate system. The blister growth velodity rate is also inchedad
in the developed model to estimate the blister propagation as a function of diffusion-induced
stress and residual stress. The proposed prognostic modelling for the formation and propaga-
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coating-substrate sys-

tion of blistering effect are combined to form an assessment model for the evaluation of useful
coating life of the multi-layered coating-substrate system and validated throwgh experimental
observation.

Nomenclature

od,
T

I

Ditfusion-induced stress of substrate material
Diffusion-induced stress for the ith coating
material

Residual stress for the ith coating material
Residual stress of substrate material

Fartial molar volume

Concentration gradient

Thickness of substrate

Uniform bending strain due to diffusion-
indnced stress

Uniform bending strain due to residual stress
Bending curvature due to diffusion-induced
stress

Bending curvature due to residual induced
stress

Chemical potential for isotropic material
Radius of blister

Elastic modulus of the ith coating material
Thickness of the ith layer of coating
Poisson’s ratio of the ith material

Critical stress of single layer coating

Critical stress of multi-layered coating
Resultant strain energy release rate

Total thickness of coating

Total unbuckled stress

De-bonding index

Interface toughness

i Mode mixity ratio
K Roughness parameter
W Mode adjustment term
Fo Critical de-bonding driving force
F De-bonding driving force
My Threshold bending moment
Min; Initiation bending moment
a Blister diameter
Blister amplitude

Introduction

Thin film coatings cover a wide range of applications
in the field of optics, chemistry, mechanics, magnetics,
electricity, automobiles, civil infrastructure, aerospace
and medical field; computer hard disks, video and audio
tapes are also coated with thin films. In optics, coatings
are applied for anti-reflection and decorative purposes.
Coatings act as a diffusion barrier to preserve the mate-
rials from environmental factors which cause oxidation
reactions that lead to coating and structural failure.
In aircraft and automobiles, structures are protected
from corrosion under severe environmental conditions
by applying an appropriate coating system. Factors
that lead to coating failure are mainly environmen-
tal factors, inappropriate sample preparation, incorrect
selection of coating, service environment, poor applica-
tion, improper drying of coating times and mechanical
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damage. Coating failures canse such immense amount
of financial loss that the cost of repairing defected areas
commonly exceeds the initial cost of coating. The main-
tenance cost can be reduced by identifying the coating
failure at the earliest possible stage [1-3].

The factors which are responsible for coating fail-
ures affect the materialistic and mechanical properties
of coating, which results in different forms of coating
failures such as blistering {osmotic and non-osmaotic),
micro-cracks, edge delamination, ridge cracks, bub-
bling, abrasion and adhesion failure. Buckling in the
multi-layered coating has been investigated for initi-
ation of buckling through experimental analysis, and
a prognostic model and growth rate has been formu-
lated to find the de-bonding driving force to predict
critical, fail and safe states. The change in temperature,
thermal expansion mismatch between coating and sub-
strate and in-plane compressive stress are key factors
in the formation of blisters. Researchers have incorpo-
rated multiple parameters to model failure mechanism
of coated systems. Mathematical solutions for elastic
deformation of multi-layered beams due to residual
stresses and external bending have been formulated by
Zhang et al. [4]. Stress in muolti-layered coating sys-
tem has been investigated and a dosed form solution
is proposed in Ref [5]. Loss of adhesion and varia-
tion in electrical properties in multi-layered films due
to the effect of stresses has also cansed major concerns
for semiconductor industry [6]. Solutions to analyse
deformation in multi-layered coating system affected
by stresses, in-plane loading and external bending are
presented in Ref. [7] and these relations can be further
utilised to determine the stiffness, thickness, thermal
expansion coefficient or thermal gradient.

Comprehensive experimental and theoretical stud-
ies have been conducted by researchers to investigate
the improvement in mechanical properties of multi-
layered coating by evaluation of various types of mate-
ridl compositions, varying the thickness of coating
layers and evaluating the mechanical, thermal and
magnetic properties via buckling test, nanoindentation
test, scratching test, tensile test, corrosion and high-
temperature test [8-12]. It has been found that oxi-
dation has an inverse relationship to the number of
interfaces in the multi-layered coating, which makes
it more resistive towards corrosion [13]. Osmotic and
non-oematic phenomena between substrate and coat-
ing play a major role in the formation and growth of
hlisters. The presence of salt particles in water acting
as cations drives the osmotic pressure with hydrox-
ide acting as anions that appear through an electro-
chemical reaction due to microstroctural defects in
materials [14]. Several models in mathematical form
have been developed to observe the phenomena of
blisters formation and propagation. Bressers et al
[15] presented a discussion on premature cracking of
oxidation-resistant coatings using fracture mechanisms
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and mechanics concepts. An investigation of blistering
effect in Ti/Al multi-layered coating through a modi-
fied experimental blister test is given by Galindo et al.
[16]. Blister propagates in a pressure-sensitive tape on
a steel substrate before approaching to maximum pres-
sure. Diry cycles are responsible for degradation in tape
adhesion and support in making a path for transport
of species [17]. Strain energy density factor using mix
mode conditions with stress intensity factors to esti-
mate the durability of the coating was derived [18].
Prawoto [19] found that the strain energy density fac-
tor could be further combined with fracture mechanics
tov observe the growth of blister as crack propagation
and diffusion of corrosive species concept to estimate
the critical and safe condition of a coating system.

The ManoCorr, Energy and Modelling Group at
Bournemouth University has developed several models
to compute the de-bonding driving force and corrosion
current rate as a function of residual and diffusion-
induced stresses using material science, solid mechan-
ics and fracture mechanics concepts. The mobility of
corrosive products induces diffusion stress that can also
alter the residual stress from 15 to 5 MPa compres-
sion. The proliferation of blistering does not depend on
the thickness ratio of coating and substrate but adhe-
sion between coating and substrate can be improved
by increasing the ratio of elastic modulus of coating
and substrate material [20]. Normalised stress, at the
substrate interface, depends on the chemical poten-
tial of diffusive elements and blister formation takes
place when it exceeds the critical stress level. Interfacial
toughness is a function of elastic mismatch parame-
ters and angular deflection which varies the mix mode
parameter between —m /2 and @2 It has been shown
that mobility and concentration of cations plays a vital
role in coating de-bonding from substrate [21]. A prog-
nostic model for life assessment of exhanst mufflers
has been developed by incorporating electrochemical
reactions at the surface of the metal and dropwise
condensation process [22]. In the presence of resid-
ual stress, a coefficient of thermal expansion (CTE)
mismatch and negative change in temperature induces
tensile stress which expands the micro-cracks already
present in coating before the corrosive species approach
saturation level [23]. Mucleation and Propagation of
blisters in the cracks of the coating have also been mod-
elled by coupling the effects of residual and diffusion-
induced stresses [24]. Previous investigation of coating
failures, that is, blistering, delamination, micro-cracks
and corrosion damage measurement in real time has
been reported [25-45].

Experimental observation

The 5275 material has been used as a substrate in
the experimental analysis; it is a structural steel grade
which has been designed with specific chemical com-
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Table 1. Steel S275 composttion [25].

Compesition and propesties of 3275

Hements e Mn% P% 5% Si%
Quantity 025 max 1.60 max 0.04 max 0.05 max 0.05max
Yield strength ot nominal thickness 16mm ~ 275Nmm~7  Tensile strength ot thickness between 3and 16mm  370-530 MPa

positions and mechanical properties formulated for
particular applications. $275 has a Young modulus of
210GPa and CTE as 12 x 104/°C. Composition and
properties of S275 are shown in Table 1 [46]. Sam-
ples were conditioned before coating with the same grit
size to produce roughness on the substrate interface.
The roughness of each sample is measured through
an optical interferometer. Samples were coated with
primers along with alkyd topcoat, as shown in Figure 1.
Properties of alkyd coatings have been investigated by

! Coating Layers

Sample 1

Sample 2

Sample 3

Figure 1. Coating layers.

Table 2. Substrate roughness and coating thickness.

Average roughness (Ra)
Coating thickness
Samplema.  Pre-coating Post-coating (mm)
1 0328 163 0035
2 D428 172 0.083
3 0334 153 0125

1104
0300

WDl mSss0
100,

WOI1mS550
1000

Armelin et al. [47] in detail. Red oxide primer coat-
ing has a Young's modulus of 6.14 GPa and the CTE is
216 x 1076/°C [24]. Sample I has mono-layer coating,
sample 2 has bi-layer coating and sample 3 has tri-
layer coating, respectively. Total thickness of each sam-
ple was measured using scanning electron microscopy
(SEM). Thickness and average roughness of each sam-
ple before and after coating are given in Table 2. Sam-
ples were degreased with acetone before exposing them
to corrosive aqueous solution, a solution of 5 M NaCl
in distilled water. The thickness of coatings was mea-
sured through SEM, as shown in Figure 2. Layers are
labelled with yellow lines to differentiate between them.
It was observed that more application defects were mea-
sured as the number of coatings applied on the samples
increases. After corrosion testing, surface profiles of all
samples have been investigated through a 3D optical
surface profilometer. Multiple blisters have been iden-
tified on the surface of samples due to the osmotic
process, mismatch of thermal coefficient, diffusion-
induced stresses and residuals stresses. The blisters with
maximum amplitude from each sample are considered
for comparison and are shown in Figure 3. Sample 1
with mono-layered coating has the largest number and
size of blisters observed. The maximum blister ampli-
tude for the mono-layered coated sample was 26.03 ym
while bi-layered coated sample had the maximum blis-
ter amplitude of 24.8 pm. The amplitude of the largest
blister in the tri-layered coated sample is 16.64pum,
which is comparatively small to mono-layered and bi-
layered coated samples (Figure 4).

Modelling of multi-layered coating

The aim of current research is to develop a prognostic
model for failure prediction and the reliability assess-
ment of multi-layered coating on metals using a mul-
tidisciplinary approach, as shown in Figure 5. Resid-
ual stress depends on the change in temperature and

_Triduyered

WOLIrmmiSs0
1004

Figure 2. Coating thickness using SEM.
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Figure 3. Average blisters after corrosion test using a 3D optical surface profilometer.

Figure 4. Blister amplitude using a 3D optical surface profilometer.

Residual Stress o, =
E (s~ 04T)

Sending Model for residual '

Diffusion Induced Stress
1
og mE{a~ ;(nvu)

“I Bending Mode! for diffusion

stress induced stress
1o, =flo .} \ Vpg =fioy)
Material Scence
+
- Solid Mechanics =

V= —-'f'lic,m.l

& J

Fracture Mechanks

e

Assessment Model for
Mult-fayered Coating x

Figure 5. Multidisciplinary modeiling approach.

CTE while corrosive species generate diffusion-induced
stress which causes delamination. Bending models are
derived for residual and diffusion-induced stresses.
Material science and solid mechanics concepts are then
combined to compute the change in concentration of
corrosive species with respect to time, incorporating
the effects of stresses in the multi-layered system. The
energy release rate lies under the fracture mechanics
concept defined as the de-bonding driving force which
is released when the coating is separated from the sub-
strate. The relationship for the de-bonding driving force
as a function of residual and diffusion-induced stresses

is derived to compute critical, safe and fail states of
multi-layered coatings.

Deformation in film coating systems depends on
changes in temperature, the CTE mismatch and
Young’s modulus of material and substrate. Delamina-
tion of multi-layers due to the effect of residual stresses
has previously been formulated [48]. The product of
thermal expansion coefficient & and change in tem-
perature AT dictate thermal stress-strain. The relation
between thermal stress-strain and normal stress in can-
tilever beam is & = E(¢ — a AT) where € strain and E
represents Young's modulus. Temperature gradient can
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be taken equal to concentration gradient and thermal
expansion o to partial molar volume V352,

E,f:E(E—%E‘tV_F*) (1)

Deformation of multi-layers cansed by residual
stress has been modelled [48] using solid mechanics
concept. These models can be used in conjunction with
the diffusion model to assess the life of multi-layered
coatings. The relation for the normal stress of a sub-
strate and multi-layered coating system [49] can be
given as:

oy = E (E — %Ck'vph ) {2)
oy, = Eg (E - %qdvphl ) wherei = 1...n layers
(3)

The diffusion-induced strain is a composition of uni-
form bending and bending component as 5 = &, + £5-
If the thickness of substrate is given as 5, the thickness
of the coating is h and the curvature is represented by o
then the relation of uniform strain £y is given as sy =
x — tp/p for (—s < x = h). When the coating remains
intact with the substrate, x = f; then bending strain
is zere (g5 = () and strain in a system becomes equal
to uniform strain as £ = 5,. To simplify calculations,
it is assumed that . = (1/3)ck; and Vi, = e
where j=sci for the rest of calculations. The aver-
age stress distribution of multi-layered coatings, using
Equations 2(a) and 2{b) can be given as:

0 1,
f E, (Eu —Ec’hvph) dx;

I 1,
B o )
(4}

The solution of Equation (3) gives uniform bending
strain «,, for multi-layered coating when the coating is
imtact with the substrate.

_ Bty Vi, + 0 Eitic'y Vak)
B Es4+ Y0 Eity

wherei = 1...nlayers {5}

Eu‘

Using first-order approximation, uniform bending
strain can write as:
n T -
N Eiilc'y, Vol — €, Var, )
fug = VF*-"JE - E : p:':'as =

]

where i = 1... nlayers (3]

The applied moment is in equilibrium with the sum-
mation of bending moment with respect to the bending

axis {x = fg). If M is the applied moment per unit width
of multi-layered system, then

i n iy
f a4, (x — tp)dx + Ef g (x — tpide = M
—¥ i

i=1
(7
By incorporating Equation 2(a). Equation (b},
Equation (4) in Equation (£} gives

0
f E, (su — %c‘hﬁ] ix — tgidx,

e

" ki
+ Ef En-(s, — %Hhm}{x_ teidxg = M
i1 *hi-1
(@
The solution of above equation gives us a relation
for bending equation. Bending curvature is represented
as gy
1

P
Eey — 't Vg, )5
— ¥ Eiti(sy — €5 Vo) (Zhi_y + £)] + 6M
5551{3+ Ip) + EF_[
Eiti[6h]_y + 6hi_yt; + 26§ — 3p(2hiy + t;)]
L]
Assuming the resultant force due to uniform stress

components for multi-layers is zero, Equation (6} can
be written as:

a " ;
f ad,{x—fb}d-x+ zf :r;ﬁ[x—rb]dx =0
o il * R

(1)
By incorporating Equation 2(a). Equation (b},
Equation (4) in Equation (9} gives

i
f E, (sw — %:‘Lﬂ) {x — fphdx,

¥

" ki 1 -
+Ef Eﬁ(su—iﬂh,m}h){x—:b)dxn:u

= I
(11

The thickness of the multi-layered coating is less
than the thickness of substrate which simplifies the
solution. The bending moment M has been ignored to
study residual stress in the multi-layered system [48].
Using first-order approximation and ignoring applied
moment the relationships of bending curvature can be
given as:

L. i
=

il

Eiti(c't Vi, — &, Vi)
Est
Bending curvature for each coating can be formu-
lated as:
1 _ Elile's Vit — Ci Vi)
e Egt

(12)

{13)
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Thus Equation 11(a) can be written as:

_—Eﬂd (14}

The above bending curvature relationship is simi-
lar to the relation derived by Hsuch et al. [48], but the
thermal expansion and temperature gradient are taken
analogues to partial molar volume and change in con-
centrations of species. This analogous relationship has
been used to determine the effect of diffusion-induced
stress in Li-lon battery electrode particles [49]. The
relation for deformation of multi-layered coating sys-
tem due to residual stress has been derived by [48].
Uniform bending strain due to residual stress is given
as:

n
Eitilot — o )AT
£y, = ;AT + E _—
i1 Egs

wherei = 1...nlayers (15}

Bending curvature due to residual stress is formu-
lated as-

1 =‘SE Eili{o; — o) AT (16)

or E?

i=l

Integration of diffusion and bending model

Fick's laws of diffusion describe diffusion and were
derived as provided in Ref. [50]. According to Fick’s
first law, diffusion flux is proportional to the change
in chemical potential. According to Li [51], chemical
potential for isotropic materials can be defined as

#f = p} + RT Injcx) — Vyeou (17)

where [ represents diffusion flux, [y is diffusion coef-
ficient, ¢; represents concentration of the species, Vi,
represents the gradient of chemical potential and R is
the molar gas constant. A change in chemical poten-
tial defines a change in the thermodynamics state of
system. The p is chemical potential in standard state,
;.1? represents chemical potential corresponding to the
stressed state of coating. Vi represents partial molar
volume of component k. oy is diffusion-induced stress
due to mobility of corrosive species, R is the molar gas
constant and T is temperature. Fick’s second law, which
defines change in the concentration of species with
respect to time, can be utilised to compute transport of
coTTosive species in coating material [24].

Ay 2 Vel
ST DV — T Ve Vieg +a7)
Ve oo
- g Voimy 4 o) 18
R (g + o7} (18}

By incorporating the above relations in the diffu-
sion model, the relation for change in concentration of
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species in the multi-layered system can be derived. The
diffusion model for substrate and multi-layered coating
is given as:

i Vo D
3—:'—[?*.?2 - p;, k’v(hv{ﬂ'ﬁ—ﬂd'l}
Vo)
- ";“r*'q,,v?{nrnﬂrﬂ (19)

The model for change in concentration of species
due to residual and diffusion-induced stress has been
derived and experimentally validated in Ref [23].

e Dy B, V2 2
M P |
T I(D“‘- T

Dxﬁﬂfv e,
9RT ( at )

_mﬁ(L_L)I )
ORT & \pd,  pr,

Terms can be written as E; /g, = dog, JBE oy =
dar, fdx,

dog, Ao,

c:l'r=n|:rj+|'.1r,','=—anl +o (21)
dod,  dor,
at dx

(D*r, —mi"“xﬁ) T+ D—h;:i(%)
X

%;U

(22)

Fracture mechanics concept

Propagation and initiation of delamination can be
investigated under the umbrella of fracture mechan-
ics. The de-bonding driving force, which is a function
of substrate and coating material properties, rough-
ness and thickness, defines detachment of coating from
the substrate [52]. When stress reaches a certain value,
which is defined as critical stress, buckling initiates
and its propagation depends on the toughness of the
material Critical stress as defined in Ref. [53] is given

a5
E {Teyt
[ (T) -

where Ty, is the total thickness of coating, r is the radius
ofblister induced by buckling between coating and sub-
strate, E is Young's ‘modulus and v is the Poisson’s ratio
of coating material.

Examination of buckling delamination in multi-
layered coatings using fracture mechanics concept was

gg = 12235
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performed in Refs. [52-54]. The relations given by [54]
for delamination of multi-layered thermal barrier coat-
ing are applicable for other multi-layered coating sys-
tems. The critical value of stress in multi-layered system
at which buckling initiates is given as

“=()5%
(24)

O represents critical stress level for multi-layered
coating, ris the radius of blisters induced by buckling
between coating and substrate, x7+1 and x; are the top
and bottom locations of ith coating layer.

The strain enengy release rate defines the de-bonding
driving force which is required to generate buckling
between coating and substrate. High fracture toughness
means the de-bonding force will experience more resis-
tance. Strain energy in the multi-layered coating system
depends on mechanical properties of the coating mate-
rials. Energy stored in the multi-layered system that
can be released by plane strain without any buckling or
bending is given as [52]:

__”'{1—1-
f'ru—zz 5

=]

—— i1 — ta)? — (x5 — 1))

{l—L

(25)

Diffusion-induced stress in the multi-layered model
is incorporated in the proposed prognostic model to
find the value of strain energy release rate. The rela-
tion of the strain energy release rate in the multi-layered
system is given as:

ME N

G=—4— 26
ITIMET: (26)

(G represents the strain energy release rate, which can be
defined as a de-bonding driving force. M is the bend-
ing moment, N is the resultant pre-buckling stress, B
and 5 are bending stiffness and stretching stiffness of the
multi-layered coating system, respectively. Relations for
Band 5 are given in Appendix.

Solving Equation (21) by incorporating B and 5 rela-
tions gives the following equation to calculate strain
energy release rate as a function of stresses. Equation
(23) seems similar to the equation derived in Ref. [36]
for the single layered coating system. The solution of
Equation (23} is given in Appendix.

i1—uf) ;

] E Eiixieq — th — (x4 — ’p}

1 b4
[1 + -( [ } ]
4\Y oo
Propagation depends on mode adjusted de-bonding

driving force. The de-bonding driving force, which
defines the detachment of coating from the substrate,

(27)

iz a function of strain energy release rate and mode mix
function [36].
@
J

e[ )]

where A is the ratio between square of average rough-
ness amplitude ( #;, ) and average roughness wavelength
(Lpy) as & = RE,,."L“. yr represents the mode adjust-
ment term. The dimensionless mode mix function can
be used to adjust the mode-dependent strain energy
release rate for isotropic materials attached to each
other; the mode mixing relation can be given as:

{28)

{29)

any = 2 _ +12 + (T AN/ AM) tan o
Ky  —w12tanw + (T ANSAM) tan o
{300
TwmAN

AN {31}

N ( [3log — -:rw)
=\ | -
VB3

The de-bonding driving force can be written as a
function of toughness, stresses, bending moment, total
coating thickness, elastic modulus, Poisson ratio and
interface roughness of the substrate. The following rela-
tion is similar to the relation derived and experimen-
tally validated [36] for single layered coating optimisa-
tion:

I e 1 2T

Eu,_“—r] Xl
Ty AN/ AM) tana 'y

1+t (1 - 55) %‘ﬁ:mlsm
where " is the de-bonding index. From the above rela-
tion, critical, safe and fail conditions for isotropic coat-
ing layers can be found. De-bonding force is dependent
on the ratio of resultant stress and critical stress which
defines the threshold level for coating failure. When
™ 1, the coating is in the safe condition because stress
generated has not exceeded the critical stress and blis-
tering has not been initiated. M= 1 defines the critical
threshold level at which blistering effect starts. When
™ 1, the coating lies in the fail state, which means the
blistering effect has been initiated Optimised values
for the isotropic multi-layered coating system can be
computed from the above relation. To find the thresh-
old level "™ 1, the above equation reduces to Equation
(28b) which can be used to find critical values of multi-
layered isotropic coatings.

3 1—u) 2
o M
2 2 B — 67— Gt )

(D))

o=

{33)
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Biister growth velocity model

Once the blister has formed, the moment at the verge of
blister establishes and causes the formation of cathodic
reaction products to accelerate the diffusion process to
inflate the blister. The growth rate of blister can be pre-
dicted by taking coating as a cantilever beam loaded
by bending moment at the edge. The total bending
moment as a function of stress, coating thickness and
amplitude of blister is given by the following relation:

My = TywoT (34}

where Ty, is the coating thickness, w is the ampli-
tude of blister and o is stress formed by the diffusion
process of corrosive environment and the defects that
were formed during the manufacturing processes. The
threshold bending moment is given in Equation (30).
If the value of bending moment is below the threshold
value calculated from the following relation, then the
blister will not continue to grow [55].

n
MTI: =073 E “—_Elu-‘qyll I3|:|TT|],3 [35}
=] .

where F; is the modulus of elasticity and v is the Pois-
son's ratio of coating material. After the formation of
blister, it grows with a velocity that depends on coating
properties, temperature, stress induced and the size of
blister. The relation for threshold velocity below which
the blister will not continue can be calculated as:
. ay 115
Vigin = 1_33{ . )

ialld B wil
(] ] th
[ kT ][Eu—uﬁj 12] 36)

=l

where Dgdp is the interfacial diffusivity and 2 repre-
sents volume of the diffusing species. The dimension-
less relation for blister growth velocity can be given

s
v =[m+vm?—1* (37)

The above relation is applicable for v =1 and
m = 1, where v = V{Vmin is dimensionless velocity
and m = Mp/M1y, is dimensionless moment at blister
crack tip, respectively. The relation for critical bending
moment to predict the blistering initiation process has
been derived by Martin et al. [36] and can be given as:

Mg =13 (38}

8 Eilsw
=

According to the above relation, Miy; is a function
of blister diameter a and amplitude w. After the for-
mation of blister following conditions can be utilised to
estimate whether the blister will grow or stop growing.
If the value estimated through Equation (30) is greater
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Iy, = M,
Elister = grow

iy, = My
Blister  grow

than the value estimated through Equation (33), then
blister will grow afier initiation and in opposite scenario
blister will not grow, which can be summarised as:

Coating life assessment model

Atmospheric pollutants are a major source of corrosion,
and the diffusion of these corrosive species plays a sig-
nificant role in the coating failure mechanism. The cor-
rosive species present at a coating defect starts diffusing
into the delamination region and forms an electro-
chemical cell, which drives the cathodic delamination
process [57]. Research findings have shown that blisters
form due to the electrochemical process and growth ofa
blister depends on the bending moment, which induces
at the edge of the blister. In early research, cathodic
blistering mechanisms have been modelled by applying
the concept of semi-double cantilever beam theory. In
past several years, researchers have adopted a multidis-
ciplinary approach to model the transportation of cor-
rosion products and blister growth phenomena under
the umbrella of material science, thermodynamics and
fracture mechanics.

Several models have previously been proposed to
explain the process of cathodic delamination. Wan and
Liao [58] formulated the elastic energy release rate for
blister formation and growth as a function of blis-
ter height and pressure. The relationship proposed by
Bresser et al. [15] models the elastic energy release rate
as a function of blister amplitude, pressure and thick-
ness of the coating. Jensen [59] has also developed iden-
tical kind of relations. Later on, the relation between
energy release rate as a function of stiffness, pressure,
blister amplitude, blister radins and coating thickness
was developed by Kappes et al [60]. Prawoto and
Dillon [18] have combined the material science con-
cepts with fracture mechanics and also modelled blis-
ter mechanism by including [-integral concept. Strat-
mann ¢t al. [61] investigated the cathodic deamination
process through various experimental techniques and
developed a cormosion model. Later on, an extensive
model was proposed by Allahar et al. [62] based on
the experimental observation that the rate of diffu-
sion of corrosive species and formation of OH™ ions
define the adhesion loss between coating and substrate.
Hutchinson [52,53,63] has done comprehensive work
on explaining the blister formation and propagation
mechanism using fracture mechanics concepts, which
are modified by Khan-Mazir [21] for interfacial tough-
ness and mod mix equations.

The de-bonding driving force as a function of
mechanical and chemical characteristics of coating and
substrate modelled by Khan-Nazir is further extended
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Figure &. Coating Iife assessment model.

for multi-layered coated systems and combined with
blister velocity growth to propoese a coatings useful life
assessment model. The model can be utilised to evalu-
ate and compare multiple coatings in terms of adhesion
loss and the speed at which a blister will propagate once
it has appeared. The model takes material and mechan-
ical parameters of coating and substrate as input. It
computes the critical level de-bonding driving force at
which blister initiates. After calculating the critical level
of de-bonding force, the current value of de-bonding
force is being computed and continuously monitored
and compared with critical level to predict the forma-
tion of a blister. If the current de-bonding force is less
than the critical level than a blister has not formed,
while a blister appears when de-bonding force sur-
passes its critical level. The bending moment at blister
initiation is taken as the initiation bending moment.
The threshold bending moment is computed after blis-
ter formation to compare it with the initiation bending
moment. The conditions for blister growth or stops
given in the previous section are evaluated to predict
the propagation of blister. If blister continues to grow
then its growth velocity can be computed to estimate
the rate at which coatings are losing adhesion with the
substrate. The model provides a prediction of adhesion
loss for multi-layered coatings as well as the failure rate
after losing adhesion and can be used to differentiate
the performance of coatings useful life and behaviour
after falling into a fail state (Figure &).

Mathematical model implementation

Initial boundary conditions are given as:

qu{x]'=fh =0 fortime¢=10 39}

Ck,..'{h}l =cx, fortimet=0 {40}

All parameters and variables are converted into a
dimensionless form for numerical simulation as:

O
& = % (41)
I P Ej
E=2% "~ (42)
3 E, (1—v)E,
Dy,
B, = D—"" {43)
i,
E. ‘_.2
- € m
A= . 44
RIS N i Eiti( eV, — Ok Vet )
e, PatkVp, o ESalp
(45)
1 1 2. Eiilo; — e ) AT
—= = (46)
By, Prig ATy E E oy ATy,

® =l — ) — (x5 — )5+ Tw)  (47)

After applying dimensionless parameters and vari-
ahles Equation 28{a) and 28(b) can be written as:

F= A/BM/5) - [1-%:@12]
l—mn({l—i_i’j_ 1 m)
(48)
Fo— (1 EVM(1/%) (49)

N |—m([1—m_—uﬂm)z

For numerical solution the Runge-Kutta method has
been utilised to find the de-bonding driving force as
a function of change in the stress with the following

ELE‘PS:

{a) Input parameters into prognostic model, for exam-
ple. Poisson’s ratio, elastic modulus, thermal coef-
ficients, etc.

(b} Calculate the critical stress levels and critical de-
bonding driving force using Equations (19), {20)
and (35h).

{c) Apply the Runpe-Kutta method to update the
change in oy using Equation {18).

{d} Use the updated value obtained in step (c) to find
the de-bonding driving force using Equation {30a).

{e) Compare the value of de-bonding driving force
obtained in step (d) to find critical, safe and fail
conditions. If F = F; shows coating is in the
safe condition, F = F_ represents the fail condi-
tion while F = F; means coating is in the critical
condition.
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(f) Evaluate the convergence criteria for de-bonding

driving force using Equation (A3} in Appendix and

repeat the process if it converges.

When the coating enters into the critical condition

the bending moment at that stage is taken as the

initiation bending moment.

Threshold bending moment i computed to find

the possibility of blister growth.

(i) Ifthe initiation bending moment is greater than the
threshold bending moment then the blister will not

(g

(h)

ETOW,
{j) If the initiation bending moment is less than the
threshold bending moment then the blister will
ETOwW.

The velocity of blister growth can be calculated
from Equation (32).

(k)

Results and discussions

Buckle-driven blistering delamination has been mod-
elled in terms of de-bonding driving force as a func-
tion of diffusion indoced and residual stresses for
multi-layered organic isotropic coatings to predict nse-
ful coating life. The proposed model can be utilised
to compare and measure the performance of multi-
ple coating materials. Using a multi-layered model,
the effect of multiple layers can be incorporated for
more reliable prediction of coating failure as most of
the substrates in different applications are coated with
multiple coats. Experimental and simulation analyses
show a very strong agreement. Multiple coating lay-
ers reduce the de-bonding driving force, so the blister
formation takes more time to appear and propagate.
Experiments were conducted and the results show the
behaviour of blistering initiation and propagation in
single and multi-layered coated substrates. The three
samples which were subjected to a corrosive environ-
ment at 350K showed blisters of variable sizes and at

MATERIALS SCEMNCE AND TECHMNOLOGY @ 673

different times, depending on the properties. After the
surface analysis of samples, the average size of a blister
from each sample is selected for observation and anal-
ysis. Blister formation in multi-layered coated samples
is assumed to be between substrate and coatings while
coating layers remain intact.

The blister size distribution is plotted in Figure 7 to
show the difference of blister size among samples. The
mono-layered coated sample has the lowest strength
and it showed the largest number of blisters and the
average blister had 25pm amplitede with approxi-
mately 7 mm of diameter. The average blister amplitude
of bi-layered coated sample is 23 pm with a diameter of
& mm between the other two samples that were 23 mm
which was more than expected, which may be the effect
of stresses developed within coating during the applica-
tion. Meanwhile, the average blister that formed on the
tri-layered coated sample was much smaller than oth-
ers, with an amplitude of approximately 15 pm with a
diameter of 8 mm. The point of interest is to identify the
critical stage at which blister initiates. The blister initi-
ation stages are shown in Figure & which is observed
through experimental analysis. The result plotted in
Figure 8 shows the relation of blister formation and
time. The sample prior to the blistering effect is con-
sidered in a safe state while after formation of a blister
the sample is considered in the fail state.

According to the experimental observation, blisters
started forming on the sample after approximately 72 h.
Sample 1 is then considered in the fail state because the
de-bonding driving force has surpassed its critical level
due to osmosis and non-osmosis factors and coating
started deteriorating from sample substrate. The time
taken by sample 2 to reach its critical level then drop
into the fail state was approximately after 96 h under
the corrosive environmental conditions. The dual lay-
ers of coats have lowered the de-bonding driving force
as it took more time than sample 1 to surpass its critical

=
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Figure 7. Comparison of average bllister size of each sample.
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Figure 9. Simulation analysis of safe and fall states of each sample.

level. Sample 3 had the highest adhesion strength as
compared to the rest of the samples; the top coat also
assisted in lowering the de-bonding force. The buck-
ling effect took approximately 168h to start forming
blisters on the sample 3 surface and continued increas-
ing until it gained its maximum amplitude. Simula-
tion results for the mathematical model are shown in
Figure 9. The de-bonding driving force is the param-
eter that defines the blister initiation through which
safe, critical and fail conditions can be defined. The
simulation of the algorithm is described in the math-
ematical model implementation section. The critical
de-bonding driving force is computed initially and the
de-bonding force is compared to the critical level to

find whether it is lying in the safe state or fail state. The
relationship between the normalised de-bonding driv-
ing force and normalised time is plotted and shows a
similar behaviour to that observed in the experiments.
The model can be used to scale it with real time to
find and predict the duration at which coating would
be in their critical and fail conditions. According to
simulation results, the de-bonding driving force has
been reduced by multiple coatings depending on their
mechanical and chemical properties. Once a blister
has formed, it then propagates at a particular velocity
depending on bending moment at the edge of the blis-
ter. Hence, the prognostic model is further extended
to blister growth velocity. If the conditions of blister
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Figure 11. Blister velocity vs. bending moment.

growth or stoppage as described in the section 'Blister
growth velocity model are applied by taking the ampli-
tude and diameter of a blister as 25 ym and 7 mm gives
the initiation bending moment large than the thresh-
old bending moment, hence the blister tends to keep
growing. The velocity of blister growth depends on
elastic modulus and with variable coating thicknesses
as shown in Figure 10. As shown in Figures 10 and
11 the blister growth velocity also depends on prop-
erties of the coating materials. The proposed model
of coating life assessment can be further investigated

12

and evaluated through experimental and simulation by
varying coating materials, by measuring blisters per
area of particular coating and the effect of variable mul-
tiple coating thicknesses with different mechanical and
chemical properties.

Conclusion

The coating failure and corrosion phenomena can cause
the whole structure to complete failure which costs
human loss, delay in industrial production and huge
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financial loss. It is very important to design prognos-
tic models by incorporating all the possible parameters
in order to evaluate the useful life of protective coat-
ings and schedule the maintenance strategies accord-
ingly. The coating failure mechanism involves various
fields of study. Therefore, a comprehensive coating life
assessment model has been developed using a multi-
disciplinary approach to formulate de-bonding driv-
ing force. The specimens with protective coatings are
tested through experimental analysis to validate the
proposed model. The de-bonding driving force predicts
three stages as safe, critical and fails states of coat-
ing—substrate system operating under corrosive envi-
ronmental conditions. The formation and propagation
of blistering effect were observed during experimental
analysis and average blister size is selected from each
sample for experimental ohservation. Further experi-
mental analysis can be carried oot to investigate the
model in more detail on different types of substrate and
coating materials.
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Appendix

The relations for bending stiffness (B) and stretching stiff-
ness (5] are given in Equations (Al) and (A2), when
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X = lp is at neutral point of axis where coating is attached to

substrate, v represents Poisson ratio of coating materials, t; is n E
the thickness of fth coating layer. 5= E A= fy (AZ)
=1 1
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ABSTRACT

This research presents analytical and mathematical modelling of coating failures within industrial com-
ponents, structures, mobile assets and systems due to corrosive degradation and mechanical fracture.
These failures lead to several surface problems; therefore, contact mechanics and electrochemistry
approaches incorporating induced residual stresses have been adopted to develop a comprehensive
solution for the prediction and prognostic of such failures. Experimental study of film cracking and
its propagation into substrates, interfacial transient behaviours and film-substrate system has been
conducted. A parallel study of corrosive degradation to include cathodic delamination, cathodic blister-
ing and tribo-corrosion of films has been condocted. Experimental and analytical studies of induced
residual stresses within the coating and their effects on failure mechanisms and propagation have
been completed. A detailed investigation of elastic mismatch at the interfacial contact and interfacial
crack tip field has been performed and a complex stress intensity factor is presented. Mathematical
derivation of oscillatory singularity, mode mix and interfacial fracture criterion to include adhesion
are presented. This paper presents novel mathematical modelling incorporating interfacial crack propa-
gating, diffusion of corrosive species and cathodic blistering for prediction and prognoses of coating
failures.

Keywords: coating failure, compressive residual stress, diffusion induced stress.

I INTRODUCTION

Protective coatings on industrial components and structures act as a barrier to preserve them
from chemical and physical attack. Various environmental and mechanical factors are
involved in the breakdown of coating on metallic surfaces. Defects in coating and substrate
are formed during the fabrication process and during the application of system. The differ-
ence in coefficient of thermal expansion between coating and the substrate is the major cause
of producing micro-cracks in coating. Cracks can also occur due to abrasion, physical or
mechanical contact. The presence of residual stresses in coating and subsirate system causes
compressive and tensile stress. In corrosive environment, tensile residual stress results in
crack opening, which leads to stress corrosion cracking. Micro-cracks provide passageway to
corrosive species to diffuse into substrate and cause electrochemical reactions which results
in coating delamination [1]. However, compressive residual stress closes the micro-cracks,
but it causes the blister delamination when these stresses are sufficiently high [2]. Compres-
sive residual stress and diffusion induced stress play a major role in adhesion loss of coating
from the substrate. Various mathematical models have been formulated to model these two
parameters for reliability assessment. Current work presents predictive modelling for the
propagation of coating deformation in the presence of micro-cracks as a function of compres-
sive residual and diffusion induced stresses.

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), [SSM: 2046-0554 (online ), hutp:fwwawowitpress.comf{joumals
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2 BACKGROUND

A model for de-bonding driving force as a function of stress to predict the duration of useful
life of isotropic coatings is presented in [2]. Elastic modulus and residual stress play a major
role in the formation and propagation of blisters [3]. Stress-driven viscoplastic deformation
conditions were also proposed to explain blistering mechanism [4]. Modified model to
explain the deformation induced by residual stress for multilayer structure has been proposed
in [5]. Later on, closed form solutions have been proposed in [6—8] by incorporating residual
stress parameter. Diffusion induced stress factor is also a major cause for coating delamina-
tion, which cannot be neglected and has drawn considerable interest of researchers in the past
decade. Various mathematical models have been proposed to model the concentration and
diffusion of corrosive species inducing stress in the system. The effects of diffusion stress has
been investigated in [9]. A theory has been presented in [ 10] that describes the delamination
initiation when ions migrate through conductive passages which are usually formed in the
presence of water molecules in hydrophilic and low molecular weight regions. Prognostic
model designed in [10] was a function of blister size, ion diffusivity, potential gradient and
distance between defect and blister. Diffusion induced stress is also a major problem in lith-
ium ion batteries. The surface energy has been modelled by merging diffusion induced stress
problem [11]. Considering diffusion induced stress and residual stress as important delami-
nation parameters, it is very important to investigate and model the coupling behaviour of
both factors.

Nanocorr, Energy and Modelling (NCEM) research group has been investigating corrosion
and coating failure problems in isotropic organic coatings. Various parameters have been
investigated and modelled to explain the behaviour of corrosion and coating failures [ 12-25].
Recently, the coupling effects of compressive residual stress and diffusion induced stress
have been investigated through experimental analysis to model the formation and propaga-
tion of circular blisters in the presence of micro-cracks over coated surface. In this research,
the de-bonding driving forces for straight-sided blister are modelled to explain blister forma-
tion and propagation mechanism in the presence of micro-crack.

3 EXPERIMENTAL ANALYSIS

In order to analyse the effect of compressive residual stress and diffusion induced stress,
corrosion test was applied on coated samples having micro-crack over coating [16]. Seven
samples were used to obtain cross-sectional measurements. AISI-1020 carbon steel samples
0.18%—0.23% C, 0.3%—0.6% Mn with balanced Fe were used for experimental analysis as
substrates. The thicknesses of samples were 0.01 cm with elastic modulus of 200 GPa and
coefficient of thermal expansion as 11.7%107°K™ [26]. Sample were polished with emery
paper of grit size 200 then conditioned with distilled water and dried with cold air.

Spray gun was used to apply red oxide primer coating on samples. The elastic modulus of
red-oxide is 6.14 GPa with coefficient of thermal expansion as 21.6 x 107°K™. Coating
thickness was 20 um. Micro-cracks were induced over the coating surface with initial aper-
ture size of 2.1 pm. Residual stresses were measured through charge coupled device (CCD)
detector and laser optics, which measures stress by monitoring substrate curvature. When
samples were exposed to corrosive environment and monitored through the microscope, it
was observed that several blisters and micro-cracks started to appear over the surface of
coated samples. All the micro-cracks have shown almost similar behaviour but single micro-
crack from each sample is considered for cross-sectional observation and analysis which is a
destructive method.
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The purpose of experimental work was to analyse the effects of residual induced siress in
presence of diffusion induced stress. Samples were kept at fabrication temperature of 318K
then transported to corrosive atmospheric chamber for accelerated testing. The fog, 5 parts of
NaCl in 95 parts of distilled water, was simulated. The samples were placed at 60°C to avoid
any direct pathways of crystallisation into the coating. The corrosive atmosphere was acceler-
ated by gradually increasing the temperature. The temperature was raised 1K for every one
hour. Cross-sectional images of each sample were taken during the temperature values i.e.
19K, 321K, 328K, 333K, 353K. During microscopic analysis, temperature is maintained sim-
ilar to that in the corrosion simulation chamber for precision. Diffusion induced stress was
induced by the presence of corrosive species in the environmental chamber and residual stress
was induced by the change in temperature due to elastic mismatch. Micro-cracks provide chan-
nels for the species to diffuse into the system. Tensile and compressive behaviour of residual
stress controls the opening and closing of pre-existing micro-cracks in the coating. The experi-
mental compressive residual stress and diffusion induced stress with respect to change in
temperature are shown in Fig. 2. The investigation of micro-crack propagation is divided into
three regions and the resultant stress for controlling blister propagation was derived.

Region 1:

The experiment was initiated from fabrication temperature (318K) of system and increased
to 319K. The aperture size of micro-crack was measured to be 2.1 gm, as shown in Fig. 1(a),
which provided channel for the corrosive species to diffuse into the system, as a result the

Rogios 1

High diffusion
Liow compression

Low diffusion
High compression

Region 3

High diffusion
High compression

Figure 1: Samples micrographs at various temperature values [ 16].
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Figure 2: Experimental results of residual compressive stress and diffusion induced stress [16].

diffusion stress was high at the beginning of the experiment, as shown in Fig. 2. When the
temperature is further increased to 321K the micro-crack started to shrink due to the rise in
compressive residual stress but no major blistering effect was observed. The aperture of
micro-crack decreased to 1.3 pm, as shown in Fig. 1(b). Small decrease in diffusion induced
stress was observed due to minor rise in temperature. Diffusion induced stress in this region
appears to be a major controlling factor. According to the theory of linear superposition the
following relation can be concluded.

T=4, + gy = gy. (§3]

Region 2:

When the temperature was raised to 328K, the aperture size of micro-crack decreased to
0.6 pm. The reason of this decrease in the size is the increase in compressive residual stress
that can be seen in the results, which are plotted in Fig. 2. The compressive residual stress
continued to increase from 0.004 GPa to 0.0023 GPain region 2. The decrease in channel size
for the corrosive species to diffuse into the system also decreased the diffusion induced stress.
Further increase in the temperature to 331K, increased the compressive residual stress which
reduced the aperture size to 0.07 pm. This increase in compressive residual stress initiated
the blistering effect, which can be seen in Fig. 1(d). Residual compressive stress can be con-
sidered as a significant influential parameter and can be written as:

T=F, 4+ Ty = T, i2)

Region 3:

When the temperature was increased to 341K, compressive residual stress increased signifi-
cantly which leads to blistering delamination. The size of the blister increased thus making
the aperture size of micro-crack to further increase to 2.5 wm. The widening of micro-crack
provided more space for corrosive species to diffuse into the system, hence diffusion induced
stress started to rise after 341K. In region 3, the behaviour of increase in compressive residual
stress and diffusion induced stress was observed to be identical. The amplitude and radius of
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blister as observed was 5.2 um and 35 pm, which continually increased and reached up to a
radius as 75 pm and amplitude as 11 pm. After applying the principle of linear superposition
on coupling effect of compressive residual stress and diffusion induced stress for blister
growth and propagation, the following relation can be derived as:

o=a,-0y,. (3)

The relation of compressive residual stress and diffusion induced siress proposed in eqn (3) is
considered as a major controlling factor in blistering delamination mechanism. The coupling
effect relation for compressive residual and ditfusion induced stress has been previously incorpo-
rated for de-bonding driving force of circular blister growth and propagation. In current research
the de-bonding driving force for straight-sided blister growth and propagation is proposed.
Modelling of circular blister and straight-sided blister is derived in the next section.

4 MATHEMATICAL MODEL
The coupling effect of compressive residual stress and diffusion induced stress has been
investigated through experimentation and the relation for stress as a function of compressive
residual stress and diffusion induced stress has been proposed by using the principle of linear
superposition theory. This paper discusses the incorporation of observed stress behaviour in
circular blister propagation and based on that theory, relations for de-bonding force of
straight-sided blisters are also proposed. Multi-disciplinary modelling approach has been
adopted to explain the effect of stresses in coating delamination process. The designed and
proposed models are based on the concepts of thermodynamics, mechanics and bi-layer can-
tilever beam theory. The critical stress level in the system can be calculated by using the

following relation [2]:
2
o - 12235 —E [EJ @
(1) s

Here, o is the critical stress, which computes critical threshold for the initiation of delami-
nation, h is coating thickness, r is radius of blister, E is elastic modulus and v poisson’s ratio.
The coupling effect of compressive residual stress and diffusion induced stress controlling
the transport of corrosive species as observed through experimental analysis [16] can be writ-
ten as follows:

_%, o9,

G, = -—, 5
U A ar ©)

do,
o, fepresents total stress according to linear superposition theory, E#‘ is the change in com-

pressive residual stress with respect to location x and i

is the change in diffusion induced

stress with respect to time t, change in concentration of corrosive species as a function of
environmental parameters and the coupling effects of diffusion induced and compressive
stress was derived [16] as:

( D, EV;. ]azct DA ES
+ L3 C [ + L3 C —

: * ' ORT %) 3%x  ORT laf

ar Dl: E:.VJ:!: acl‘f [a‘d-r: a‘da': ]

ORT ot | ax  ar

C

(6)
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ae,
?*' represents a change in the concentration of corrosive species on coating and substrate

system through micro-cracks, D, diffusion coefficient of coating, T is temperature, R is

molar gas constant and Vj is partial molar volume of coating material. Coupling effect of
stress using eqn (2) can be written as:

-1
Er'd'r: Er'd'ﬂ.r (D DtcEl-‘"ftl_ ] azctl_ chEerztl_ [aftl_ !][Dtcvst: a“:l: ] (7
—_— - *: =+

DT o 9RT x| ORT ot ORT ot

4.1 De-bonding driving force for circular blister

When coating remains intact with the substrate, there is no de-bonding driving force. The
blistering effect appears when de-bonding driving force exceeds critical threshold value. The
blisters shapes can be circular which end up in telephonic cord like shape and blister can also
lead to straight-sided shape which ends up as snakes back forth shape [27]. In this research
paper the coupling effect of compressive residual stress and diffusion induced stress, which
was investigated for circular blister through experimental results, is incorporated for straight-
sided blister to model de-bonding driving force [16]. First, the derivation of de-bonding driving
force for circular blister is discussed and then, relations for straight-sided blisters are pro-
posed. The model for circular blister is already analysed and validated through experiments
while strain energy release rate for straight-sided blister has already been discussed and vali-
dated [16, 27]. So, new relations for straight side blister are based on two verified and validated
theories. Strain energy release rate stored for circular blister can be written as:
G (1-v)h o* .

Strain energy release rate for crack propagation derived in Ref. [2] is given as:

1-+*
G=6{ 3][M!+%ﬁ2ﬁhf!]. (9)

G represents strain energy release rate for circular blister propagation, M is bending moment
and N is resultant stress force {.-:-‘ =a, —d‘d] acting on coating. By incorporating the coupling
effect of compressive residual stress and diffusion induced stress in crack propagation can be

derived as:
2
(1-v7) 1| (8o, éo,
G=6——=M|1+—| | ———=|a -1 | (1m
Eh 4 finy ot
aﬂ‘r aﬂ‘d, -1 - - - - . -
The term ~ = af' e o, is de-bonding index which controls blister formation

and propagation. By using relation of mode dependent strain energy release rate the follow-
ing model can be formulated for de-bonding driving force.
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F=6%M![l+i(mr][sm! l[l—%]wn_] . (11

F represents de-bonding driving force, ' is coating toughness, A is roughness of substrate
interface and wis the ratio of coating crack edge from mode II to mode L.

4.2 De-bonding driving force for straight-sided blister

The derivation of de-bonding driving force for straight-sided blister propagation is proposed
and derived in this section. The straight-sided blister proliferates after the complete formation
of curved “front’ of blister. The straight-sided blister is thought to provide accurate measure
of primary area of de-bonded interface needed to initiate buckle delamination along with
energy release rate [27]. The strain energy release rate [27] in direction parallel to crack front
can be written as:

0
G, = (l ! ] a, h. (12)

LA

do
By incorporating the o, = ar' - ?‘L stress, which has been concluded in previous section

in the above equation, the strain energy release rate for straight-sided blister due to coupling
effect of compressive residual stress and diffusion induced stress can derived as:

o (]—v!)h B‘a'rg 35;, : 13
" 2E e o )

In straight-sided blister, the energy release rate relation for crack propagation at ‘side’
and ‘front’ has separate relations [27]. The ‘side’ and ‘“front” sides of straight-sided blis-
ter is labelled in Fig. 3. For blister side strain energy as a function of stresses can be

written as:
& &
G, =G| 1-—|]|1+3—=]. 14
- n[ ‘?ﬂ][ "ﬂ] a0

Figure 3: Schematic of straight-sided blister.
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. . do, da,
By incorporating the &, = B‘E - a_ in the above relation the strain energy for *side’ of
I I

blister as a function of coupling effect of compressive residual stress and diffusion induced
stress can be written as:

o {l—v )h(&‘a’ dar, 21 dg,  da, 5 43 da,  da, - a3
“=E o a )| o T

De-bonding driving force for the *side’ of blister as a function of mode mix can be derived as:

o]

F._, is the de-bonding driving force for *side’ of straight-sided blister, which is a function of
mod mix and de-bonding index. Similarly, the de-bonding driving force for “front’ of blister

can be derived as follows:
o
G, =G £, 17
a2 w

By including de-bonding index in egn (13), it can be modified as:

o (1—1:2}!1 da,  do, ! | do, do, B .
= o )% e T )| as)

De-bonding driving force for the “front’ of blister as a function of mode mix can be derived

F.= (1 : oi-y )[Sﬂc [[l_%]w]]_]' (19)

The “front” and ‘*side” de-bonding driving forces for straight-sided blister are proposed by
incorporating the coupling effect of compressive residual stress and diffusion induced stress.

5 SIMULATION RESULTS
5.1 Simulation results for circular blister

The resultant stress force due to coupling effect of compressive residual stress and diffusion
induced stress proposed for circular blister formation and propagation has been validated
which shows strong agreement between experimental observation and mathematical mod-
elling [16]. Experimental and simulation results for normalised de-bonding driving force
as a function of change in temperature are shown in Fig. 4. All parameters are converted
into dimensionless form for simulation of normalised de-bonding driving force. In region 1,
the coating and substrate system was in safe condition and there was no change in pre-ex-
isting micro-crack and de-bonding driving force was also zero. In region 2. micro-crack
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Figure 4: Simulation and experimental results of de-bonding driving force for circular
blister [16].

aperture size started to reduce due to high compression rate. Diffusion rate decreased due
to the reduction in aperture size of micro-crack. Normalised de-bonding driving force was
zero till AT = 14K; hence, coating can be considered in safe condition. Further increase
in temperature resulted in adhesion loss in the form of blistering and de-bonding driving
force continued to increase and reach at maximum level. In region 3, compressive residual
stress continues to increase and the behaviour of diffusion rate seems similar to compressive
residual stress. In this region the size of blister increased significantly and micro-crack also
expanded.

5.2 Simulation results for straight-sided blister

The proposed mathematical models for straight-sided blister is based on validated theory
as explained in previous sections [16, 27]. The simulation result of straight-sided blister
is shown in Fig. 5. The mathematical equations for simulating de-bonding driving forces
for ‘side’ and ‘front” were converted into normalised form. It is worth noting that the
de-bonding driving force for the ‘side’ of straight-sided blister is always greater as com-
pared to the de-bonding driving force for the *front” but crack propagates at the ‘front’. The
reason is that the “front’ experiences lower effective interface toughness [27]. For suffi-
ciently wide straight-sided blister, the energy release rate along curved front exceeds than
that of ‘side’ for large (by a factor of ten or more) coating modulus than substrate which
would allow propagation of straight-sided blisters despite of interface toughness is mode
independent [28].
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Figure 5: Simulation results of de-bonding driving forces for straight-sided blister.

6 CONCLUSIONS

This paper presents the mathematical modelling for circular and straight-sided blister growth
and propagation by incorporating coupling effect of compressive residual stress and diffusion
induced stress. The effects of stresses are investigated in the presence of micro-cracks. The dif-
ference in coefficient of thermal expansion between coating and substrate system induced
compressive residual stress which continued to increase due to an increase in temperature while
the corrosive species produced diffusion induced stress. Initially, increase in temperature caused
pre-existing micro-crack to shrink and reduce diffusion induced stress while further increase in
temperature caused de-bonding driving force to exceed its critical level which resulted in blister
formation and it started propagating in circular shape. The rising trend of diffusion induced stress
appears to be similar as compressive residual stress at high temperature. Based on experimental
observations, resultant stress for blister formation and growth is proposed and incorporated in
circular and straight-sided blisters formation and propagation to propose the de-bonding driving
forces. De-bonding driving forces are proposed for blisters growth and propagation which can
be used for coating life assessment. Proposed mathematical models can be further extended for
‘telephonic cord” which appears after the propagation of circular blister and for *back and forth’
shape which appears after the propagation of straight-sided blister. Comprehensive analyses of
circular blister formation and propagation has been conducted through experimentation and by
simulating the effects of various parameters (modulus of elasticity, coefficient of thermal expan-
sion, coating thickness and poisson’s ration) in previous NCEM papers. In future, further
analysis of proposed de-bonding driving forces of straight-sided blisters will be presented.
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Abstract

The ambiguous nature of meteorological parameters in uncontrolled environmental conditions makes it difficult to deter-
mine the structural integrity of stationary and mobile assets. The weather conditions for large vehicles, at The Tank
Museum at Bovington, UK, which are operating in controlled and uncontrolled environmental conditions are investigated
through weather history and corrosion monitoring techniques applied to large military vehicles by using linear polarisa-
tion resistance method. Corrosion initiation and propagation was found on several occasions during the operation of
large wehicles within uncontrolled environment due to critical level of metrological parameters induding salinity, relative
humidity and rainfall. Comprehensive solutions have been proposed to detect damage initiation at the earliest possible
stage to prompt maintenance professionals to take necessary actions to avoid damage. Eady detection techniques will
help to prolong the service life of large vehicles or metal structures which are operating or installed remotely. The analy-
sis of diffusion of sak particles into coating during summer and winter season is also presented by estimating the salk
concentration by taking linear relationship between wind speed and salt deposition rate based on 50 dassification of
girborne smalinity. The proposed solutions can be applied to valuable assets operating in coastal, non-coastal and near the
sea regions to predict and estmate the damage. The research will directly impact the maintenance and reliability of the
automotive, oil and gas pipelines, aerospace and defence applications through remote condition monitoring tedhinique.

Keywords
Corrosion, coating delamination, condition monitoring, diffusion, predictive modelling

Background

According to NACE International report, the global
cost of corrosion is 3.4% of the global gross domestic
product (GDP) which is equal to the USS$2.5 trillion.!
Corrosion-related repairs and maintenance costs are
around 23% of the budget within the military applica-
tions in the United States, It will lead to significant cost

berween exponent of powerlaw and meeorological
parameters to predict corrosion damage in Felin and
Morcillo** The information about annual corrosion
data of rural amd wrban atmosphenc quality from
almost 28 countries was compiled to develop a mathe-
matical equation for estimation of corrosion damage of

savings in the range of 15%~35% by preventive mea-
sures, avoiding malfunctions and downtime and enhan-
cing reliability.® Several methods and techniques have
been adopted for predicting corrosion damage by using
the neural network, mathematical models and prob-
abilistic approaches. Literature provides exiensive
experimental observations regarding the influence of
meteorological factors on materials’ corrosion beha-
viour subject to various geographical locations and
operating conditions. The atiempt has been made 0
propose universal equations by finding the correlation
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several matenals including mald steel. aluminium, cop-
per and zinc. The mathematical relations derived from
the data recorded were not promising o estimate the
corrosion damage. The complexity and uncertainty in
corrosion phenomena have encouraged researchers (o
include the effect of other potential meteorological fac-
tors which are responsible for corrosion damage into
the mathematical models to derive peneralised equa-
tons which could be suitable for any location. The
annual corrosion rate of carbon steel was observed in
43 dilferent sites and regression equations were pro-
posed o estimate corrosion rate.” The corrosion study
of carbon steel under indoor and outdoor Cuban atmo-
spheres was conducied Lo propose corrosion model
The results from experimental data have shown signifi-
canl varialions in corrosion under variows atmospheric
conditions and exposure time.

In previous mathematical modes, the corrosion loss
is not zero even in the absence of water. The model was
pmpmad,? which incorporates time-of-welness, sali-
mity, sulphur dioxide and temperature to predict corro-
sion loss, and the appropnate form of time-ofwelness
is added to show zero corrosion in the absence of water.
The field exposure tests were conducted in an urban,
rural-wet, muraldry and mardne environment of Sn
Lanka for the development of corrosion model® The
results concluded that the prediction of corrosion loss
from models show good performance when they are
calibrated according to their location. After applying
power law unction on [eld exposure corrosion data,
the concave functionality of power law function does
not sound to be an approprate solution for real-time
corrosion prediction assessment as the environmental
factors vary significantly over the locaton and from
location to location.” The probabilistic technigues had
also been applied to mode the corrosion growth phe-
nomena. In Altynova et al " the prediction of corro-
sion damage has bem developed by using the current
corrosion condition of materal and prowth of corro-
sion rate as inpul parameters for the probabilistic
model.

Various types of metal coatings including thermal
spray  coaling, Organic coaling, COrTOSiON-resisant
coating and chemically resistant coating are applied to
civil, automotive and engineering infrastructures Lo
make a physical barrier between metal structures and
atmosphers to provide protection from meteorologeal
factors such as moisture, corrosive ions anmd nxygsn.”
The coating barrier also leads to failure in the form of
porous medium, cracks and blisters. The corrosive ions
can diffuse into the coating-substrate system through
defected coating or porous medium and activates elec-
trochemical reaction which results in the degradation
of the metal structure and coating—substrate bond
weakening.® Various techniques have been adopted to

investigate the role of corrosive 1wns diffusing into the
coating-substrate system in the past. Special electroche-
mical cell was developed to investigate the relation
between cathodic or anodic current and coating dela-
mination under the coating for zinc polymer sysiem."
The diffusion of water and oxyveen into the coating—
substrate system was investigatad in the presence elec-
trochemically active sites.” '™ It was found that the
organic coating does not provide suffident protection
against  dissolution of water and oxvgen which
decreases the adhesion between coating and substrate.
Acwrding to the conclusion derved from research
findings in Stratmann and collegues,"™"" the delamina-
tion of coating in the defected area is driven by the
strength and diffusion of corrosive ons as the coating
starts behaving like a jelly medium where electrochemi-
cal cells are active. The mathematical model™ was
developed to describe the delamination behaviour of
coating by using the relation between porosity and pH
which was an adequate apl;:mach to couple the experi-
mental findings in the past'” and analytical modelling
The concept proposed in Allahar et al.™ was adopted
to further develop a mathematical model for coating
delamination in the presence of homopeneous reac-
tions, electrochemical reactions and precipitation of
corrosive ions in Huang et al.'® Currently, researchers
have been uwsing multi-disciplinary approaches to model
the coatng delamination process by using solid
mechanics, material science and fracture mechanics
concepts. Coating life assessment models were devel-
oped by using weight functions, diffusion concepts and
stress intensity [actors based on the principles of
mesomechanics and approach ™!

NanoCorr, Energy & Modelling (NCEM) research
group have been working to provide solutions to
detect and mitigate the potential threats posed to large
vehicles stationed at The Tank Museum, Bovingion,
UK* " by electrochemical degradation combined with
mechamcal failures. Current research provides contri-
bution towards detection, prevention and the assess-
ment of material and coating degradation of high-value
assels in operation or stationed indefinitel v and could
be al remole locations both wnder controlled and
uncontrolled environmental condiGons.

The past weather history at The Tank Museum,
Bovington, UK is reported in this work where linear
polansation technique was applied to measure the envi-
ronmental impact on large vehicle operating under
both controlled and uncontrolled environmental condi-
tions. The solution 15 also proposed for large vehicles
operating at remote locations to detect the critical envi-
ronmental conditions at the earliest stage. The analysis
of the diffusion of corrosive ions into the coating—
substrate system is also presental by estimating salt
concentration. According to literature, the deposition
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Figure 1. Wind speed in Dorser, UK during kst 3 years.®

rate of salt depends on wind speed.™ ™ The classifica-
tion of airborne salinity which defines salt deposition
rate based on location is utilised o estimate the con-
centration of salt by assuming linear relationship
between wind speed and deposition rate based on
experimental observations performed in the past %%
The analysis is conduction for summer and winter sea-
sons. Furthermore, the mathematical relation is also
presented for the diffusion of salt particles for assets
near the sea.

Weather conditions

The weather conditions of last few vears at The Tank
Museum is analvsed by using data taken from world
weather online *® The minimum wind speed for entrain-
ment of salt particles s 3 m/s. The wind speed during
last vear at Dorset, The South West Coast of England,
UK is provided in Figure 1. It can be seen that the
averapge wind speed remaing greater than the threshold
level for aerosol entrainment of salt particles. The pres-
ence and deposition of salt particles over large vehicles
can be expected throughout the yvear in an uncontrolled
environmenl The relative humidity at Dorset for the
last 3 vears is shown in Figure 2. According to the liter-
ature, the critcal humidity level above which corrosion
process is more likely to take place is around 80%. The
history of relative humidity shows that most of the time
during a calendar vear, the rdative humidity level
remains greater than the cnocal level. One of the most
imporiant factors which are responsible for corrosion
reaction is the rain. The data of number of rainy davs
during the last three vears is presented in Figure 3. The

water and salt are the main ingredients for corrosion
reaction. The speed of wind greater than the threshold
level for entrainment and larpge number of rainy davs
throughout the calendar vear makes larpe vehicls
more vulnerable (o corrosion damage.

The source of salinity is the English Channel within
the vicinity of the Bovington which is 5.6 miles away
from the Atlantic Ocean. Several tanks are also sta-
tioned at random locations in Dorset near the Atlantic
Ocean under significantly harsh environments. One of
the large vehicles, Valentine, which is operating in con-
trolled and uncontrolled environmental conditions
from the past several vears in The Tank Museum, UK
wis considered for investigation of corrosion reaction.
Significant corrosion damage has bem found on sev-
eral parts of Valentine tanks.™ The Tank Museum,
Bovington, UK owns a large number of around 300+
large military vehicles (military tanks). These military
tanks were exposed o harsh working and operating
conditions in the battlefields in their past service life
and therefore showing vanous modes of degradation in
their structures. Corrosion can be classified as one of
the major contrbutors to the structural agang of the
military tanks. NCEM has investigated several vehickes
to identify corrosion problem and other associated
damages and risks. The investigation has revealed that
the several tvpes of corrosion were prevalent and some
vehicles has shown severe corrosion problems in thar
structures. The larpe vehicles were operated under con-
trolled and uncontrolled environmental conditions at
The Tank Museum. The surface coating [ilure on
Challenger | has been observed.™ The breakdown of
the coating reveals the structure of tank and that the
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Figure 3. Rany dzys in Dorset, UK during lasc 3 'pEﬂ.I"S.H

failure 15 propagating with tme due to meteorologcal
factors and properties of the coating—substrate system.
Centaur was badly affected by wvarous corrosion
modes.™ Inter-granular corrosion (IGC) is a localised
corrosion attack on or at the grain boundaries propa-
gating into the matenal. IGC damage was identified in
Centaur armoured skirt. ™ Conclusively, the large num-
ber of rainv davs, wind speed and relative humidity
makes the conditions critical for large vehicles amd
struciures Lo be prone Lo Cormosi on.

Experimental analysis

Corrosion is an electrochemical reaction in which
metals in manufactured states turn back to its natural
states which resulls in deterioration and loses in the
functional stability of metals. The oxidation reaction
oocurs on the metal surface due to its surrounding envi-
ronment including water and oxveen to form must. A
corrosion reaction is illustrated in Figure 4 in which the
anodic site of metal is losing electrons to produce Fe™*
ions
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Figure 4. Corrosion reaction.
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The cathode site reacts with electrons, water and
oxyeen Lo form hydroxide (OH™) ions

0,4 2H:0 446~ — 40H

The Fe?* and OH ™ reacts with each other to form
Fe(OH); which is called rust.

Fefy + 20H,,, — Fe(OH )y,

4Fe(OH),,, + Oy +2H0 — Fe(OH),

The existence of salt particles in water acting as elec-
trolvte boost the conductivity of water which resulis in
an effective increase in the concentration of ions and so
stimulating the oxidation process (corrosion) of metal.
In electrochemical techniques, linear polarisation resis-
tance method provides an effective technique for condi-
tion momtonng of metal infrastructures by detecting
corrosion reaction due to environmental effects. The
pLPR sensor has been developed on linear polarisation
theory to directly detect the corrosion in real time
caused by water, oxygen and salt. The modern research
on corrosion 18 based on mixed potential theory
hypothesised by Wagner and Traud that the overall
corrosion reaction is the summaton of autonomouwsly
occurring oxidation-reduction reactions.™ The corro-
sion is mexsured by computing the flow of current
(Feew) during oxidaton-reduction reaction between
anodic and cathodic sites. The sensor has three eleciro-
des including working electrode, counter electrode and
reference electrode.

The oxidation reaction takes place at working elec-
trode while counter electrode completes the circuit. The
reference electrode acts as a hall cell which allows the
poiential of the other hall cell to be measured. The
three electrode svstem and structure of pLPR sensor
are shown in Figures 5 and 6, respectively.

The performance of pLPR sensors was tesied for
degradation detection in bridge suspension cable.™ It
has been found that one of the most feasible solutions

Electrolye

|
|

Counter Blectrode {eorr

Figure 5. Three-electrode system.
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Figure &. (2) The pLPR sensor x fabricated on 2 flexible
circuit, (b) Labdling each electrode, and (c) using the structure
as the three elecrode system ®

for monitoring the environmental impact on high-value
infrastructures such as aircrafis, bridges and buildings.
The micro-lingar polarisation resistance (pLPR) sensor
very sensilive to corrosion is fabricated through a
photolithographic process. It contains shim which is
prepared using electrochemical etching and photolitho-
graphic techniques. The shim is further machined on
the Kapton to enhance robustness and ductility. In this
research, pLPR sensors have been utilised to detect the
corrosion reactions due to the environmental impact
on large vehicles at The Tank Museum, UK. In order
to analvse the condition of large vehicles operating in
uncontrolled environmental condition, pLPR sensors
were installed at turret top of valentine tank as shown
in Figure 7 and the conditons were monitored for the
duration of owver 2 vears. Sensors were  further
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Figure 7. Valentne tank and sensing instruments at The Tank M
sensor. (¢) pLPR-2 sensor. (d) DAQ connected to sensors.

connected with data acquisition units to perform signal
conditioning and data acquisition. The Stern-Geary
equation can be used to calculate the corrosion current
density after acquiring ’golarisalion resistance values
from the pLPR sensors™ ™

B
Ioom=—

%, (1)

w w ]

C gk =B
CR“)_I“’"lA-e-F]—RPlA~e-FJ

In equation (1), /g, represents the corrosion current
density which can be computed by taking the rato of
polarisation resistance (Rp) and Stern-Geary constant
(B). The value of Stern-Geary constant (8) is 30 mV for
carbon steel 1010.*7 In equation (2), CR(t) represents
corrosion rate, F represents Faraday's constant, e repre-
sents the number of electrons exchanged, w represents
atomic weight and A is the area of corroding electrode.

At The Tank Museum, Bovington, large vehicles are
involved in several activities as some of them are sta-
tioned inside the museum for display under the shed,
where the controlled environmental conditions are pro-
vided and some of the vehicles are moved outside in
uncontrolled environmental conditions. The pLPR sen-
sors were installed at turret top of Valentine tank which
was operated inside the shed in controlled environmen-
tal conditions and also operated remotely outside shed
under uncontrolled and harsh environmental conditions
of Dorset as described in previous sections. The pLPR

UK. (2) Valentne Tank statoned at The Tank. (b) uLPR-1

sensors were constantly monitoring the corrosion pro-
cess during inside operation and remote activity.

Approximately. 90,000 data samples have been
recorded from pLPR sensors. The measurements taken
from sensors are plotted in Figure 8 where remote
activities which were repeated several times are labelled
as Al, A2, ... , AB. The Valentine tank was operated
remotely 8 times during the corrosion monitoring
period. It can be seen in the results plotted in Figure 8
that no sign of corrosion has been detected in con-
trolled environmental conditions, while corrosion has
been detected several times during remote activity of
Valentine tank. The salinity in outside atmosphere can
be considered as a major contributor to corrosion reac-
tion as the increase in salinity results in high corrosion
rate. The highest corrosion rate was detected by both
pLPR sensors during remote activity A2 as the corre-
sponding value of salinity also highest. The accumula-
tive corrosion detected by both pILPR sensors during
remole activities Al and A3 is less than the corrosion
detected during A2 as the salinity level is also low. The
measurements have been recorded during all the remote
activities, while the results of activities Al, A2 and A3
are shown in Figures 9 to 11, respectively. The pLPR
sensors have shown similar behaviour in all activates as
the salinity level is increasing, the corrosion rate is also
increasing and decrease in salinity level making corro-
sion rate decrease accordingly. The corrosion rate
detected during activities A5, A6, A7 and ASB is very
low as the corresponding salinity level is also very
low.
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Figure 9. Corrosion rate and salinity measurements during remote actvity Al.

The conclusion can be drawn that in uncontrolled
environmental conditions, the salinity in the atmosphere  already above the critical level for most of the time dur-
is a major element to cause corrosion damage as other

factors including rain, emperature and humidity are

ing a calendar year.
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Figure 11. Corrosion rate and salinity measurements during remote activity A3.

Corrosion monitoring for remote assets

Due to the uncer2inty in meteorological factors for sta-
tionary and remote vehicles operating in an uncon-
rolled environment, it is very important to find a
solution to detect the threat to vehicles at the earliest

possible stage to avoid any damage and prolong the ser-
viee life. The performance of pLPR sensors to measure
the environmental impact on the large military vehicle
has been investigated at The Tank Museum as men-
tioned in the previous section. The complex structure of
vehicles makes it difficult to access and assess every part
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Figure |1. Corrosion monitoring system model for remote assets.

of larpe wehicles on a continuwous hasis. The corrosion
momtoring svstem which was implemented for corro-
sion detection had data scquisition umt with internal
memory o store data values, and data were retrieved
by connecting an external device such as a laptop for
further analvtical i nvestigations.

A comprehensive solution 18 required for high-value
assels which are operating at remote locations such as
large military vehicles to receive real-time information
about critical conditions on time. The use of pLPR
sensors and wireless svstem technology can provide an
efficient way for detection of critcal environmental
conditions. The sysiem consists of a suite of pLPR sen-
sors, data acquisition umt and remote terminal wnit.
The sensor is responsible for measunng the impact of
environmen (al changes as desoribed in the previous sec-
tion. The data acquisition unit performs signal condi-
tion and forwards it to the remote terminal unit. The
wireless ransmission is carried outat a remote terminal
unit which has General Packet Radio Service (GPRS)
technology. It utilises cellular network to send and
receive messages from remote locations. The advantapge
of using GPRS technology 15 that the information
regarding corrosion damapge can be transmitled or
recived even [rom mobile wehicle operating at a
remote location. The information regarding the impact
of environmental conditions on wehicles or high-value
assels stationed or operating at mobile locations will
help the maintenance professionals to take necessary
steps in onder o avoid costly damapges due w corro-
sion. Maintenance or precautionary actions by the
professionals could be the movement of vehicle or
assel to the appropriate location and it could be the
dusting or cleaning mechamism Lo remove any corro-
sive products over the body surface to stop corrosion
or delamination process. The remote monitonng sys-
tem has shown in Figure 12 which consists of sensors,

data acquisition unit, remote terminal unit and appli-
cation software.

Modelling of coating delamination

The delaminated porous region in coating allows the
salt particles to diffuse into the interface of the coating-
substrate sysiem and propagate wwards the intact
regon. The rate of corrosion current density is directly
related to salt concentration which means high diffu-
sion rate will result in high delamination due to corro-
sion current density which 15 proportional to metal loss.
The salinity in the atmosphere, relative humidity, tem-
perature, time of exposure, rain and wind speed around
the high-value assets such a8 large vehicles are responsi-
ble for coating delbmination process. The vanation in
wenther conditions makes it difficull to esimate the
delamination phenomenon in a more realistc way. The
deposition of an amount of salt particles over the body
of a larpe vehicle is the major fctor to decide the level
of damage. According v research fndings in the past,
wind speed plavs a major role in the deposition rate of
salt particles and both are proportional to each other
unless other factors like crosswind or shape of body
affects the accumulated salt concentration. IS0 classifi-
cation of grborne salinity for atmosphenc salinity as
shown in Table | has been utilised to esumate the salt
concentration over body depending on the location of
an assel such as coasl region, non-coastal region or
near the sea.

The diffusion of hygroscopic ions into metal coating

The accumulation of corrosive ions on large military
vehicles at The Tank Museum depends on uncertain
vehicle movement and variation in the environmental
conditions. The diffusion process depends on vanous
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factors including the concentration of 1ons, tempera-
mre, relative humidity and time of exposure. The
change in the concentration of ions can be interpreted
as a summation of diffusion, migration and convection

process™

a I .
i diffusion 4+ migration + convection
!

(3a)

R
'IT == > [Du(T.RH {)VS, +2D,,5Ve 4 juSy + Ry4 5]
A

(3b)

The migration and convection processes are
neglected in the current research. Dy, is the diffusion
coefficient which is smaller by two orders of magnitude
in a porous medium as compared to squeous medium'™

2
1

Pu= B )

Salinity model The concept of asrosol physics describes
the deposition of hygroscopic particles from the atmo-
sphere on the solid surfaces. The aerosols are generated
by various physical processes over the sea surface, but
the bursting of air bubbles is one of the common causes
due to wind stress during the formation of Whitecap ™
The wind speed is a key factor to determine the deposi-
tion rate of hygroscopic particles on the solid surface.
The threshold level of wind speed for imitiation of
entrainment of marine aerosol was found tw be
Fms Y

The deposition of salt particles over solid surface
depends on many [ctors including wind speed, wind
direction distance from the sea, surface roughness, par-
ticle density, shape of body and local landscape. The
ISO classification of airborne salinity as shown in
Table | has classified the deposition rate into four cate-
pories and specified the range for a deposition rate of
salt particles for the corresponding environmental cate-
gory. It has four catepories such as non-coastal envi-
ronment denoted a5 S, It has a maximum deposition
rate of 3 mg/m” day. The coastal environment has cate-
pories having a maximum deposition rate of 60 mg/m®
day denoted as §; and 300 mg/m® day denoted as 5.
The location near the sea {.j‘.,} can have a maximum
deposition rate of 1500 mg'm” day. Experimental obser-
vations conductad in the past has shown an increase in
salt deposition rate as wind speed increases from 3.4 (o
10 m/s, and other @ctors including crosswind affecting
deposition rate 15 oot incleded in the proposed
alporithm.

Corrosion and coating delamination will vary from
location to location as the deposition rate vanes

depending on wind speed. The uncontrolled environ-
mental conditions can also be classified into four cate-
gories as UG, for deposition rate 5, non-coastal region,
UCs for the deposition rate S, UCs for deposition rate
85 and UC, for 55 deposition rate near the sea. In this
work, the IS0 classification for salinity deposition rate
has been utilised to estimate the accumulation of depos-
ited particles over the solid body surface as a function of
wind spead for coastal and non-coastal environmental
conditions. For example, in the non-coastal environ-
ment, the maximum deposition rate is 3 mg/m” day and
can be assumed for averape wind spead. On the basis of
experimental observations, ™™ considering wind speed
a5 a linear function of deposibon rate and ignonng
crosswind effects. Following algonthm is used to distri-
bute the salt deposition rate over wind speed for simula-
tion of varous tvpical environments.

d=1;
fori = 1:100
fork = 1:d
5 = Sx_max {(Wmax-Wmin)* 100} + Sn{j-1};
snfj) = 5;
i=i+1
end
d=d=+1;
i=3
St di) = 5;
end

Sx_max 15 the maximum deposiion rate as specified
in the IS0 standard. It can be for non-coastal and
coastal uncontrolled environmental conditions. Wmax
15 the maximum wind spead and Wmin is the minimum
wind speed depending on location.

The high amount of salt is presentin the atmosphere
near the sea. The equation is denved for transport rate
of salt particles for structures near the sea as a function
of distance and wind speed. The rate of change of con-
centration can be given as

dS, kS
R ol 3
dt h (3)
According o experimental observations in the
past,”™ ™ the exponential decay of salinity was found
a5 the distance from the sea increases, which was math-

ematically descrbed as follows

5 :Sge.rp(— %) (6}

where k is the coeffident proportional to deposition
velocity,” I is the wind speed and & is the height of air
laver. The combinaton of diffusion mechanism amd
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Table 1. 150 dassifiaton of deposition rate of sodium chloride depending on different environmental conditons.

150 dassificadon of pollutdon by airborne mlinity (sodium chloride deposition rate in annual average)

SCatany Dt;pcrshhn race of MNaCl [mg.l'm1 day) 'gpkal en::]unmem
L] = O COas

5 360 Coastal endronment
53 &0-300 Constal endronment
53 300500 Within 200 m of sea

Mote_ Intemational Organization for Sandurdzation. 2012 201 7 Cormsion of metals and alloys — Cormaivity of atmosphenss — Clhmifiation,
destenmination and estimation]. Available from: hitpo/ e oorg standard 53499 homl

estimation of corrosive particles depending on wind
speed and distance from the sea gives a comprehensive
coating delamination model for more accurate and effi-
cienl prognostics of coating and corrosion near the sea.
The fusion of equations 3(b) and 5 results in the follow-
ing relation

%:[DAJ(T,RH,;}S.,ap(-m}] (7

The proposad solutions can be wsed Lo estimate salt
particles depending on the loation as classified in IS0
standard for airborne salinity. The transport rate of salt
particles with a varving deposition rate as linear rela-
tion o the wind speed is simulated for summer and win-
ter scenarios and also for near sea environment.

Tempemture model The atmospheric temperature plavs
a significant part in electrochemical corrosion reaction.
The rate of chemical reaction depending on Empera-

ture can be computed from Arrhenius equation®™

T":Ae[r‘%} (4] (8)

where 4 represents pre-exponential term, (7, represents
activation energy, ® represents universal gas constant,
T is the absolute Emperature in Kelvin and Tepy repre-
sents sandard temperature. The standard diffusion
coefTicients Depy for standard emperature Tery are cal-
culated in previous works. "™

Relative humidity model The presence of moisture 15 an
essential part for most of the corrosion reactions. 10RFT
is a actual pore relative humidity and RF, represents
relative humidity at which diffusion coefficient Falls
between maximum and minimum values, then relation
for relative humidity variation function can be given as

RI' = (9)

Exposure time. The detericrating function depending on
. L ro o .
the time of exposure is gven as Nazar et al.

1 L]
f= (.‘;1'.4)
I

where tepy 15 the ime of exposure at which standard dif-
fusion coefficient is measured. r represents acal expo-
sure time and nis the age reduction factor.

(10)

Algorithm implementation

The accumulation of sall particles over the structure of
an assel which is changing its location and operating in
dvnamic and uncontrolled environmental conditions
will vary significantly as compared to the asset operat-
ing stagmant in uncontrolled environmental conditions.
The vanation in concentration salt accumulation will
vary the amount of transportation of salt particles into
the coating-substrate sysiem. The algorithm for esti-
mating transport rate of salt particles 8 shown in
Figure 13 which can be used for the assets operating in
stationary conditions and also for those asseis which
are installed remotely and moved to several locations
in variahle atmospheric conditions.

The algonthm takes Emperature, relative humdity,
time of exposure and wind speed as inpul parameters.
The implementation of the alporithm using time itera-
tive approach has been reported comprehensively in
Mazir et 2.7 It also estimates the salinity transport rate
by using deposition rate as mentioned in the IS0 stan-
dard for airborne salinity. The reason behind using wind
speed a8 an inpul is Lo estimate sall concentration by
using wind speed readings of a particular lo@tion and w
utilise the value o make a more realistic predidion of
transportation of sali particles into the coating-substrate
svatem. The algorithm also has two deasional statements
which depend on the change in the wind speed and
change of location. I the lomtion of asset changes (epg.
from non-coas tal to coastal environment ), the salt deposi-
tion rate values cin be switchad to the corresponding
environment a5 defined in the 150 sandard.
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Figure 13. Algorithm for estimatng salinity ransport rate depending on various environmentzl conditons.

Results and discussions

Multiple scenanos are considered to simulate the trans-
portation of salt partcles into the coating through por-
ous medivm. Various factors are responsible for the
socumulation of salt particles over solid surfaces
including surface roughness. location, wind speed,
nature of pollutant, particle density and particle dia-
meter. According to the lierature, ™ *° the wind speed
also plays a major role in the accumulation of salt par-
ticles. The experimental observations performed at The
Tank Museum by using pLPR sensors have detected
different levels of corrosion rales at several times
depending on salinity contents. The ambiguous namre
of corrosion rates depending on diffusion coefMicient
and wind speed is simulated by considering multiple
scenanos for deposition rate of salt particles depending
on the increase and decrease in wind speed for summer
and also for winter seasons. The ranpes speciled in the
IS0 standard for the deposition of salimty in different
environmental conditions is utlised to distribute the
deposition rate over different levels of wind speeds
from 3 o 10 m/s. According to environmental cate-
pories specified in IS0 standard, the uncontrolled envi-
ronmental condition can also be classified into non-

coastal, coastal and near sea uncontrolled environmen-
tal conditions (Figure 13).

The transport rate of salt particles in winter and swm-
mer seasons is considered with varving wind speed to
understand ambiguous natre of delamination process.
In the simulation, for the summer season, the tempera-
ture 15 kepl on increasing; the increase in lemperature
also increases diffusion coeffident. The summer season
is simulated by increasing temperature at a constant rate
from 1 to 100 ierations. There are other many factors
which can change the concentration of salt particles
including the shape of the substrate or crosswind effects.
These effects are not included in this study. The results
plotted in Figures 14 and 15 show the behaviour of
transport rate of salinity into coating when the conen-
tration of salt particles varies depending on wind speed.
The wind speed increases from 3 o 10 m/s for the sum-
mer season as shown in Figure 14 and decreases from 10
to 3 m/s for the summer season as shown in Figure 135
High diffusion coefTicient in summer acounis for the
rise in ransport rate of salt particles at high wind speed,
but in Figure 15, simulation results show that although
the diffusion coefficient is increased, the ransport rate
decreased due to decrease in salt deposition rate as a
funcion of wind speal. Similarly, the varving salt
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Figure 15. Salinity transport rate during the summer season for decreasing wind speed.

concentration for winter season depending on wind
spead is also simulated as shown in Figures 16 and 17.
The winter season is simulated by decreasing tempera-
ture which accounts for decrease in diffusion coefficient
from | to 100 iterations. The decrease in diffusion coefTi-
cient also decreases the transport of salt partides and
decreasing wind speed also decreases the concentra-
tion of salt particles which is shown in Figure 16.

Generally, the increase in deposition rate also
increases the transport rate of salt particles, but the
variation in wind speed from high as 10 m/s o low as
3 m/s deposit low salt contents over the surface, and
decrease in diffusion coeflicient significantly reduces
the salinity transport rate as shown in Figure 16. The
increase in wind speed from 3 to 10 m/s is simulated
for winter environment with decreasing diffusion
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Figure 17. Salinity transport rate during the winter season for increasing wind speed.

coefficient in Figure 17. Although the diffusion coefTi-
cient decreases, high diffusion rate of salt particles
resulted due to the presence of high salt particles due
1o high wind speed.

The transport rate of salinity depending on wind
speed in uncontrolled environmental conditions near
the sea is simulated by using equation (7) as shown in
Figure 18. The increase in the distance from sea also

results in low salt deposition. The salt deposition rate is
the highest near the sea and decreases as distance
increases. The deposition rate of salt concentration also
varies with wind speed. The transport rate of salt part-

cles is simulated for different levels of wind speed as

shown in Figure I8. As the wind spead increases, the

deposition rate and transport rate of salt particles also

increase.
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Figure 18B. Salinity transport rate near sea depending on the distance from the sea

Conclusion

This research provides a costeffective vet effident and
reliable methodology (o susminably mitigate structural
integrity issues within larpe vehides and structires mainly
through corrosion. The impact of meteorological para-
meters on ke vehicks of historical importance operating
under uncontrolled environmental conditions & measurad
by using linear polarisation resistance method. The solu-
tion for pror detection of corrosion damage at the initial
stage Tor stationary as well as mobie vehicles operating
remolely is also proposed in this work. The deposition of
salt particles from the atmosphere 15 a major parameter
which accounts for the amount of coating delimination
and corrosion damage. The simulation study of mating
delamination in winter and summer environmental condi-
tions is also presented. The salinily ransport rate near the
sen is also modelled as a function of wind spead and simu-
lation results are also reported. The algorithm presented
in this work cin be applied to asset operating at remote
locations such as non-coastal, coastal amnd near sea envi-
ronmental cnditions o estimate the corrosion and coat-
ing damage using wind speed, temperature, humidity and
time of exposure as inpul parameters. This ramework is
ako applicable to conserve large vehides of significant cul-
tural and historical biographies for the fuure penerations.
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Appendix |
Notation
A area of corroding electrode

B

proportionality constant
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Abstract

Latest research findings show that the deterioration of metal ceatings results due to complex
combination of material and meteorclogical parameters. The classical maintenance scheduling do not
consider complex imterface of material: and metecrological parameters to determine optimal
maintenance framework. The cost of recoating can be optimised through appropriate selection of
coating  specifications and maintenance strategy. This research provides a nomltidisciplinary
algorithnue approach to determine cost-effective solutions for recoating. The specifications of red
oxide primer coating and structural steel substrate system are considered for simmlation analysis. The
results show that the appropriate selection of 10% increase in coating thickness based on coating-
substrate system specifications resulted in 20-23% reduction in annual patch failures which reduces 5-
6 % cost of recoating. Furthermore, the proposed model also simulated to compare Patch recoating
and Part recoating strategy and algorithm show that the Part recoating is cost-effective as compared to
Patch recoating if nmmber of annweal patch failure is greater than “2° and area of the part is “2x’times
larger than the area of the patch. Contrary, the Patch recoating results in low cost if the part area is
“10x” times larger than patch area and number of annual patch failures are less than *77.

Eevwords: Stmctores, Maintenance strategy, Fecoating cost, Blistening, Condition based mantenance,
Predictive modelling, Corrosion cost

Nomenclature
m Partial molar volume
oy Concentration gradient
E; Elastic modulus of i coating material
by Thickness of i layer of coating
v Poisson's ratio of it® material
Oep Critical sivess of single layer coating
Tin Total thickness of coating
oT Total unbuckled stress
n De-bonding index
Ie Interface toughness
Fer Critical de-bonding driving force
E De-bonding driving force

(B
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Mrn

Threshold bending moment

Miy;

Initiation bending moment

Blister diameter

Elister amplifude

Rasidual stress

Elastic modulus

strain

cogfficient af thermal expansion mismatch

bending moment

roughness

pre-buckling stress

Sfuture cost

inferest rate

Patch area to be recoat

Surface preparation cost

Patch coating cost

Total are af vehicle to recoat

Surface preparvation cost

Coating cost

Component area to be recoat

Part surface preparation cost

Cost of Part coating

Time duration for patch failure

Time duration for Part failure

Time duration for complete failure

1. Imntroduction

In the past decades. great attention has been given in determuning the financial impact of comrosion

damage and corresponding maintenance in various industrial organisations. The cost factor includes

the cost of comrosion prevention technigques, inspection peolicies. research and development of finding

optimise solutions and varions other maintenance related activities. The cost of cotrosion computed in

recent years is egqual to around 3 4% of GDP which is a direct cost. Meanwhile, the addition of
indirect cost of comrosion accunmlates the financial loss twice (Koch et al., 2016) . The dnnking water

and sewer systems, motor vehicles and defence sector experiences substantial financial loss due to

corrosion damages. The mulitary applications cost around 23% of the budget due to corrosion damage

[
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and maintenance. The improvement in reliability by applying effective corrosion detection. control
and prevention methods can result in around 13 to 35% in cost savings (Koch et al., 2016).

The LMI government consulting organisation has 1ssued several reports on the cost of comrosion
for military vehicles (Hertzberg, 2016; Herzberg et al., 2006). The method used to determine the
annnal cost was authorised by the Corrosion Prevention and Control Integrated Team (CPCIPT). The
method estimates the direct cost which includes labowr and material cost along with indirect cost
which includes training and research and development etc.. The primary objective of this study is to
determine the sustamment annual cost of corroston for military vehicles and identify the possible
opportunities for cost reduction. Total of 520 types of grovnd nulitary vehicles contaimng 446 000
individual parts of vehicle structure are considered to conduct the study for determination of the cost
of comrosion and associated maintenance. Other cost elements include labour cost, matenal cost,
coating, Blige cleaning, inspecticns, dispesal, scrap and testing equipment.

The total estimation of the annual cost of corrosion for military vehicles was $2.019 billion in
2006 report (Herzberg et al., 2006). According to the latest report published by LMI in 2016, the cost
of corrosion estimated for the army equipment was $3.1 billion which 13.5 % of total maintenance
expenditure of equipments (Hertzberg, 2016). The largest corrosion cost has been incured by
preventive measures such as inspections, cleaning, washing, recoating and washing. An effective
recoating maintenance strategy can impact in the reduction of mointenance activities such as
inspection, recoating, washing and surface treatment. The current work will provide algerithm for
cost-effective recoating maintenance strategy which based en multidisciplinary parameters along with
the labour, material, coating, mspection and surface preparation factors.

1.1 Research findings at “The Tank Museum", UK

The NCEM research group has been involved in investigation of structural integrity of large military
vehicles at The Tank Museum Bovington, UK. The large military vehicles are operating in diverse
and harsh environmental conditions. The oufcome of research findings resulted in development of The
Vehicle Conservation Centre to provide a suitable environment for high priority structures. The
experimental investigations also lead to the development of state-of-the-art prognostic medels by
incorporating complex parameters to predict the failure mechanism

The corresion reaction on metal structures has been observed for several years using sensor suite
by embedding Linear Polarisation resistors, temperature and humadity sensors on oulitary vehicles.
The primary objective of the research findings at “The Tank Museum™ i1s to provide the solutions for
proactive maintenance scheduling in order to proleng the service life at optimal cost without
compromising the integrity of strectures. The large nulitary vehicles are subjected to various types of
structural failures and undergo scheduled recoating maintenance. The Figures 1a and 1b illustrate the
flex disc and hull Part of Valentine tank: operating in controlled and uncontrolled environmental
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conditions for the past several vears resulted in significant damage due to coating failure and
corrosion phenomena.

The scheduled recoating maintenance is carried out after the appropriate amount of time without
considering cost implications. The Figures 1c and 1d illustrate the Parts has been recoated with red
oxide primer and top coat. It is obvious that lots of cost implications are associated with the
maintenance of complex metal structures including frequency of inspections due to uncertainty in
structural failure. cost of surface preparation. cost of coating, labour cost and delay in
service/production. The large military vehicles at “The Tank Museum™ assembled of numerous
parts/components and designed in various geometrical shapes. The deterioration phenomena on parts
shown in Figures la and 1b started from patch failure leading to Part failure. The solution is required
to utilise the research findings in order to estimate the optimal recoating maintenance strategy among
Patch recoat. Part recoat and Complete recoat.

Before recoat

(2) Flesable Drive and Hull of Valentine Tank
After recoat

(c) Flexable Drive and Hull of Valentine Tank (d) Complete view of Hull of Valentine Tank

Figure 1. The Valentine Tank before and after maintenance
1.2 Prognostic modelling of corrosion and coating failure
The structure experiences various types of failure such as adhesion loss. abrasion. bleaching.
blistering. cathodic disbonding, cracking. edge corrosion. erosion etc. The inappropriate coating
application process. improper drying, mechanical loading effect combined with electrochemical
processes makes it difficult to understand the coating failure phenomena. The other prognostic models
related to corrosion can also be embedded in the proposed algorithmic approach to estimate the
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rusting and associated cost. In the past decade, the various blistering mathematical relation has been
proposed to understand the imtiation and propagation of blistering phenomena within the thin coating.
The major prognostic models for coating failure in terms of cathodic blistering has been summarised
in (Nazir & EKhan 2017) . The mechamcal properties were observed through expenimentation and
mathematical relation has been derived for blister formation as a fonction of blister height and
pressure in relation to the elastic energy release rate (Wan & Liao, 1999).

Later on, the elastic energy release rate was formmulated as a function of coating thickness and
stiffness, blister height, and pressure (Bressers, Peteves, & Steen, 2000; Galindo, Van Veen. Evans,
Schmt, & de Hossen, 2005). The mathematical relation for energy release rate as a function of coating
stiffness, pressure, height and radins of height was developed in (Kappes, Frankel, & Sridhar, 2010).
The fracture mechanics concepts are combined with diffusion concept to better describe the blistering
phenomena (Prawoto, 2013; Prawoto & Dillon. 2012).

Eesearch within NanoCorr Energy Modeling and Eesearch group extended the amltidisciplinary
approach to model cathodic blistering and derived a comprehensive prognostic model to predict the
formation and propagation of blister (Latif Khan Nazir, Stokes, & Plommer, 2018b; Nazir, Khan,
Saeed, & Stokes, 2016a; Prawoto. 2013). The relations for enmergy release rate based on a
multidisciplinary approach has also been denived for straight sided blisters (Ehan Latif Hammad
Nazir, & Stokes, 2018). The algorithm based on nwiti-disciplinary approach was also extended to
blister propagation and the speed at whuich blister will propagate (Latif et al.. 2018b) . However.
researchers have investigated the coating faillure mechanism through varions experimental
methodologies and identified various parameters to explain complex coating failure mechanism which
resulted in prognostic meodels but still needs more qualitative improvements in real time
environmental conditions. The cathodic blistering 15 cne of the most significant causes of coating
degradation which has been considered in current work to determine optimal recoating maintenance

strategy.

1.3 Cost factor and maintenance modelling
The maintenance professionals apply preventive and essential recoating maintenance scheduling
urespective of cost-benefit ratio. The Fun-to-failure, Preventive and Predictive maintenance strategies
are cominonly practiced maintenance strategies in industries. The Fun-to -faillure maintenance
strategy 1s applied to low priority structures but it 15 considered worst strategy in case of high prionty
structures. The Preventive maintenance invelves timely scheduled maintenance which does not
require expertise in inspection but it 15 inefficient for stmctures subjected to diverse operating
conditions. The Predictive maintenance is condition based recoating strategy which is considered
more efficient for high-value structures.

Common stochastic deterioration mathematical models including the Wiener process, Gamma

Process, Inverse Gaussian process and general path modes are in practice to manage maintenance
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scheduling in various industrial applications (S Wang, Hu, & Zhou, 2011; Ye & Xie 2015). The
mimerical model for the prediction of corrosion-induced concrete crack is formmlated for time-
efficient maintenance to prolong the service life of concrete structores (Yang, X1, Ti. & Li, 2018). The
optimisation framework has been proposed for seismic protective components uwsed for highway
bridges. The performance of seismic protective components based on engineered demand parameters
15 evaluated to derive repair cost ratio. The proposed methodology considers failure probabilities, the
cost asseciated with replacement of components and damage ratic (Xie & Zhang, 2018). The
algonithm for optunal maintenance strategy for pipelines subjected to cotrosion is proposed for
efficient maintenance decision making (Gong & Zhou, 2018).

The framewotrk based on discrete Bayesian networks has been developed for cost-efficient
decisions for Condition based maintenance (Nielsen & Serensen, 2018). An efficient maintenance
framewotk can reduce the cost through decrease in recoating frequency, excessive inspections and
other associated maintenance activities. The conventional maintenance strategy evaluation models do
not inchude the multidisciplinary parameters of real-world scenario which drive the comrosion and
coating failure phenomena.

The current work provides algorithmic solution for cost-effective recoating maintenance which 1s
based on a multidisciplinary research approach. Three recoating maintenance strategies are considered
such as Patch recoat, Part recoat and Complete recoat. The Patch recoating strategy invelves removal
of delaminated or rusted area from a specific patch and applying coating on the patch area. The Part
recoat involves the swrface preparation and recoating of the Part/'component. The complete recoating
involves preparation of the surface of all the defected areas and applies new ceating including anti-

rust, primers and top coat.

2. Maintenance Strategy Evaluation Algorithm
The basic architecture of Maintenance Strategy Evaluation Algorithm is shown in the Figure 2. The
input parameters of algorithm contain specifications of the struchure system. measurements from real-
time condition monitoring system and historical maintenance database. The next stage is to apply
progunostic models to predict the coating failure. The final stage performs the computation of annual
cost associated with a maintenance strategy to determine the cost-effective best fit strategy. Variouns
progunostic models for coating failure and conrosion estimation based on meteorological factors and
properties of coating —substrate system have been developed (Khan et al.. 2018; Nazir & Khan, 2017;
Nazir, Khan, Saeed, & Stokes, 2015; Nazir. Ehan, & Stokes, 2015c, 2015d. 2016; Nazir & Khan,
2015). These prognostic models can also be embedded in proposed algorithm to simmlate the
maintenance strategy for potential structural failures for specific application.

The prognostic models developed by NCEM research group resulted through investigation of
structural fatlures in large military vehicles are highly effected by various modes coating damage.
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Input Parameters

+  Dperating conditions
Coating properties
Metal properties ste..

Prognostic Models
- Corrotion Model
= Coating failure model

Database
+  Maintenance history
s Operating Conditions

Fizure 1. Basic Architecture of Mantensnce Strategy Evaluation Algorithm
Therefore, the prognostic model for blistening farlure is preferred for current algerithm to evalvate
optimal recoating strategy for structures. The combination of complex residual and diffusion-induced
stresses play vital role in development of blisters. These blisters propagate by weakening interfacial
bonding between the coating and metal structure resulting in removal of ceating and exposing metal
structure to the swrounding environment (Chuang, Neuven, & Li, 1997; Irwin, 1957; Nazir, Khan &
Stokes, 2016; Walker, 1970).

The comprehensive description of maintenance strategy evaluation algorithm is shown in the
Fignre 3. The prognostic model embedded in the current approach is based on latest research findings.
It evaluates the performance of coating based on mechanical, chemical and environmental factors to
determine the safe critical and fail conditions of the coating. The propagation of coating failure
beginning from a patch of coating failure leading to part coating failure is evaluated in case of part
failure. The final stage computes the anmal cost based on performance of coating resulted from
prognostic model. The anmal costs from different recoating strategies are compared to determine the
optimal best-fit maintenance strategy. The lack of maintenance database and real-time parameters are
the major challenges in evaluation of the proposed algerithm

2.1 Input Parameters

According to latest research findings, the performance of coating-substrate system depends on
mumerons factors including the roughness of metal interface, the thickness of the coating
meteorological parameters, mechanical properties of the coating and metal structure as shown in the
Fignte 4.

2.2 Mechanics and diffusion parameters

The formation and propagation of blistering mechanism are driven by mechanical and diffusion
parameters (Nazir, Khan, & Stokes, 2016). The development of residuals stress and diffusion-induced
stresses defines the formation and growth rate of the blistering mechanism_ The residual stresses exist
i the coating-substrate system that 15 developed during the fabrication of material and application of
coating (Tetten, 2002).

201



Appendix D: Paper IV

TSy neheney ASSEng SmESIER] SumecoEy f amsly

[T /
%

[ETIUEyzHA

sauadoug SAIUSEIEY

WBUIUDBALEF

o [
4.

%

*_

=

202



Appendix D: Paper IV

[ % cergw : HEEE
I

Maintenance Strategy Evaluation Application

I | Deleci type of system Paind coat |

Uri-layared coaling L Cost of pair per lre £

Application cost £
Select evalualion typs

@ Single = Comeaniann
Systam specifications
Subsirate material properties Thickness of substrate
Poisson's raiio Thickness of coating
Ellzstic Modulus Irtedacal roughness !
1 -
Difisshan coefMisnt Gurface arsa

I | Thermal expansion
Erniranerial condilions
I [ Coating matorial propartics & Saationary 1 Mobia

Temgsratire rangs —
I Poisson's rakia

Humadity rangs —
Elastic Madulus S
Drfusion coefficient
Tharmal axpanaion
Generate Report

Tirme duration wethn

Figure 4. Input parameters

The change in temperature from fabrication temperature accounts for the tensile and compressive
stresses within the coating. The tensile stresses are responsible for the opening of cracks in the coating
while compressive stresses lead to blister formation (Khan et al.. 2018; Nazir, Khan Saeed. et al.
2015). The inhomogeneity conditions during diffusion process in coating produce diffusion induce
stresses (Lim Yan Yin & Zhu, 2012). The relation for residual stress in the coating and substrate is
given as (Hsueh, 2002):

or =E (g —alAT) 1

where ‘E', 'AT', "¢’ and 'o' represents elastic modulus, temperature gradient, strain and
coefficient of thermal expansion mismatch, respectively. The intrinsic thermal stresses develops due
to change in temperature from application temperature. when coefficient of thermal expansion of
coating and substrate are different (Hutchinson, 1996). The uncontrolled and harsh envirenmental
conditions result in the formation of the electrochemical cell due to the reaction of salinity, water.
oxygen and metal ions(Chuang, Nguyven, & Lee, 1999). The chemical reaction drives blistering
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mechanism through diffosion-induced stress. The following is the expression for diffusion-induced
stress in coating and substrate by using the analogy to thermal stress as described in (Zhang, Shyy, &
Sastry, 2007).
gg =E(s— %c'km) z
where 'c'y' is concentration gradient of diffnsing substance 'k’ amalogous to change in
temperature and "I-’p_k" is partial molar volume of substance 'k' analogous to coefficient of thermal
expansion. The residual stresses and diffusion induces stresses accounts for formation and
propagation of blistering effect.

2.3 Interfacial Roughness

The adhesion between coating-substrate systems depends on physical parameters including interfacial
roughness between coating and substrate, coating thickness and radivs of impurity at the interface.
According to experimental findings with variable coating-substrate interface roughness, the increase
in interfacial ronghness results in an increase in the adhesion as it shows maximum resistance against

coating failure (Nazir & Khan 2015).

2.4 Coating thickness

The coating thiclness is one of the major bonding strength between the coating-substrate systems.
The experimental analysis on steel samples with variable coating thickness has shown an increase in
adhesion with respect to increasing in coating thickness (Nazir & Khan, 2015).

2.5 Cost parameters

Several maintenance activities are involved in recoating which needs to be considered in cost
evaluation besides the cost of coating applied. These cost factors breakdown into cost of suiface
treatment, washing, preparing equipment for application of coating, labowr hours, washing, drying and

other associated activities.

3. Prognostic Model for Coating Failure

There are nnmerous modes of coating failures including blistering. bleeding, bridging. abrasion.
bubbling, cracking and adhesion failure. While blistering is one of the common and complex coating
fatlures that depends on the coating application process, the properties of the coating-substrate system
and meteorological parameters. In cwrent work, the formation and propagation of blistering failure
have been considered to evaluate the cost-effective recoating maintenance strategy. Previously. the
mathematical models for the formation and propagation of circular and straight sided blisters have
been modelled and validated through experimental analysis by NCEM research group as discussed
comprehensively in (Latif et al.. 2018b; Nazir, Khan, et al.. 2016a; Nazir. Khan et al.. 2015d; Nazir.
Khan, & Stokes, 2016).

11
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The proposed algorithm applies the mathematical prognostic model for the blistering mechamism.
The prognostic model provides the value of de-bonding driving force which defines three states of the
coating-substrate system as safe, critical and fail For results analysis in current work, the fail
condition calculated from blistering failure prognostic model 15 considered as patch fadlure. The
blister could be in the form of the cireular blister as well as straight-sided blisters. The relation for de-
bonding driving force based on fracture mechanics and diffusion parameters for circular blister
wmvestigated and validated in previous research finding 15 given as:

F= Ez - _E;}_s r_’z}[':xl 7 M7 [1 + % {,,'nTl}z }]] I1 + ta.u([:l - %} tan-h) 2] 5

The derivation of de-bonding driving force 'F' for multilayered coating-substrate system as
mentioned in above Equation (3) has been compressively discussed m (Latif et al, 2018b). In
Equation (3). 'E;’, ;" . Tjc . "A" and 'M’ represents elastic modulus, poisson’s ratio of i™ | interface
toughness, interfacial roughness and bending moment. respectivley. The top and bottom locations of
"R coating are shown by 'x;, ' and 'x;". The tanis defines the relative mode II to mode I in fracture
mechamics{Hutchinsen & Suo, 1991). The relation for tanr can be wintten as following (Fanlhaber,
Mercer, Moon, Hutchinson, & Evans, 2006):

K. V12 + (Top AN fAM) tan o
2 th
tamlr =— =
K1 —V1Ztanw + (TepAN/AM) tanw 4

where 'Typ'and 'N' represents total coating thickness and pre-buckling stress, respectively. The
de-bonding index is represented by "N ' which defines the safe, critical and fail condition of the
coating-substrate system. If ' N = 1’ then coating-substrate system is in safe state, If ' = 1’ then the
coating-substrate system is in critical state and. If ' N> 1' then the coating-substrate system is in fail
state. The de-bonding index is the ratio between resultant stress 'op'and critical stress 'a,,." (Wazir,

aa,
Khan, et al., 2015¢). The resultant stress is a sununation of diffusion induced stress TTL and residual

dor,

stress ——=.
ax

n= %/ 5(a)

¥ ) aad: Ty
=t o =t 50 5(b)
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205



Appendix D: Paper IV

2 3 .
Dkﬂ: E.:‘-"E;lkc‘_ alﬂh_ Dk‘: Ec‘-‘% kc‘- '5'5'1:;' 2

5 Dy, * — 3T % | 3Tz T T SRT ot 5(c)

T, ﬁ\":r,-q

iy -
]
9 o D Vo, Ben,,
SRT at

The relations for resultant stress and cnifical stress are diseussed m detail in (Nazir, Ehan et al,
2015¢). When the resultant stress becomes agual to critical stress, the de-bonding indsx ' n= 1' and valua of
de-bonding driving force 1s called as entical debonding doving force 'F."

()]

If the de-bonding drmvang foree 'F' is less than cntical de-bondmg drming force °F.,', the coating
substrate 15 in safe condiion and when it exceeds the cnitical de-bonding diving force the coating-

M}

_ [3 A (1-v?)
; 2&-1 E; {x:n - r;-}j - {x:—r‘,}

substrate system 15 considered to be 1o fail state as shown m Table 2.
Table 1. Condifions for patch failure

Condition State
F = Fy Safe
F=F., Critical
F > Fy Fail

The 1mtal bending moment and threshold bending moment defines the propagaton of blister
mechamsm (Chuang et al, 1997). The bister will grow if the imtial bending moment 15 greater than the
threshold bending moment. The relation for inrtial bendmg (M ;) moment and threshold bending
moment (Mpp) can be given as:

M. = SEELJ t’-:r':'_']"rh:1 W

ini z

a 7

Mpp =073 |zﬁ |u.ﬂrTrh3 g
W b=l Vi v

where "w' and ‘o’ represents bhister amphiude and blister diameter, respectively. Although the
mathemzfical relation for blister growth rate has been diseusszed m (Latif et al, 2018b) but the
development of number of blisters over the Part area and 2 npumber of blisters leading to Part coating
failore shill needs to be coupled with de-bonding drving force. The profils for de-bonding driving
force 15 show in Fizure 5a. The de-bonding dnving force approaches entical level as fime increases
resultng in patch farlure. The part faslure depends on the geometrical shape, number of blisters per
area and growth rate of fathwe propagation. The component-wise approach 13 requred by
incorporating ofs mechamical and geometncal charactenstics for acourate estimation of cormosion

13
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damage and associated maintenance for complex stuctures (Cavalle, Pagam, Zappine, & Camera,
2018). The model for failuwre and propagation propesed in (Latf et al., 2018b) could be further
extended for Part farlwre through memporatng mamtenance history, real tme momtonng of
environmental conditions and experimental investizations.

4. Uniform Database for Maintenance History

The propesed recoating maimntenance schedulmg 15 based on complex parameters of real-ime scenano
which have not been considered in convenfional maintenance evaluation techmiques. The cwmrent
solution requires histonical data to efficient feedback system to mummwse error rate in predichons of
failares. Therefore, a unifoom database 13 requured fo maintan hustoncal mamtenance data which
should melude all possible mulfidizeiphinary parameters as shown i Table 2. The mmltidisciplmary
parameters mentioned in datzbase require vanous methedologies for measwrements. The methods
needs be applied on varous stages of recoating process. The typical recoating mamtenance activities
involve several stages such as swface treatment before coating,, applicaton of coating followed by
drymg stage and then structure 15 sent for normal operational actvities.

The proposed historical database requires recordmp several parameters at sach stage. The several
methodologies including optical microscopy, X-ray fluorescence and Scanning electron microscopy to
acquire parameters such as interfacial roughness of metal-substrate or thickness of coating have been
reported mn previous expenimental research work of MCEM (Ehan et al, 2018; Ehan Latf, Nazir,
Stokes, & Plummer, 2017; Latif, Ehan, MNazir, Stokes, & Phunmer, 2018a; Nazr, Ehan, & Stokes,
2015a; Nazr & EKhan 2017; Nazir, Khan Saeed, et al, 2015; Nazir, Khan et al., 2016a; Nazr, Khan,
Saeed, & Stokes, 2016b; Nazir, Ehan, & Stokes, 2015b; Naar, Ehan, et al, 2013¢, 2015d; Nazir,
Ehan & Stokes, 2016; Nazw, Saeed, & EKhan 2018; Nazr & Ehan 2015; Nazwr, Ehan & Saeed,
2018; Nazir, Saced, & Ehan 2017; Saced, Ehan, Nazr, Hadfield, & Smuth 2017; Sased, Khan &
MNazr, 2015; Saeed. Ehan, & Nazr, 2016). The mdependent steel sample with same coating and
substrate specifications can be used for measurements.

Furthermore, the sensor technology along with wireless communication svstem can be mstalled
on metal shucture to acqure the crmieal parameters duning 1= operational activities such as comosion,
temperature, humidity and stresses. The comrosion can be momtored using linear polanisation resistor
sensors reported comprehensively m (Latif et al., 20183). The strain gauge sensors can be used to
momtor the development of stresses within coating durng operational activibies reported in (EKhan et
al., 2017). After acquinng comprehensive hustorical maintenance data, an efficient newal network
technique can be uthsed to pumimme=e the emror rate between mumencally computed predictons and
events occwred in real time. The combination of historical data with premestic caleulations wall
mimimse the emor rate that will help mamtenance professionals to make precize and efficent
maintenance decisions.

14
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Table . Uniform Database for Maintenance of metal stractures

Paramster

Description

Inspection hiztory

The mspechon process 15 time-conswmng activity especially m
aerospace, museums znd automotive ndustnes where a large mumber of
metal structures are operating. The companzon betweesn the frequency of
inspection in past and degree of delamination can help to manage the
inspection policy accordingly. It can also result n a decrease mn the
frequency of inspechon and any cost asseciated with the mspection.

Coating thickness

The zppropnate selection of coating thickness can result in an increase in
adhesion strength between the coating-substrate systems. It can enhance
the durability but 1t wall also impact the cost of coatmg.

Interfacial roughness

The roughness parameter affects the adhesion between coatng-substrate
systems. The appropnate vahie of roughness can result in ncrease 1
bonding strengih.

Salinity

The zalimity reacts with water to form an electrochemueal cell which
results in corroston damage and coating failore{lanf et al | 2018z). The
prediction can be made more efficient based on the accummlabon of
sahmity on stucture.

Stress/Strain

The change in temperature results mn tensile and compressive stresses
within the coating-substrate system (Wazir, Ehan & Stokes, 2016). The
behaviour of stress/strain throughout the operating penicd of metal
structure can assist to predict the blisters and cracks propagation in more
aceurately in real fime environment.

Mleteorological factors

Different locattons on the metal structure may experience different
temperate and humidity level e.g. the Parts inside the metal stucture of
large wvelicle mav expenence a different level of temperature and
bumadhty as compared to Parts cutside of the metzal stucture.

Ceometrical shape

According to visual imspection of stuctures statiomed at The Tank
Museum UK, 1t was observed that more number of coating fanlures was
found on cwrved surfaces as compared to flat surfaces.

15
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Failure frequency

It 1= important to mamtam the record of frequency of Patch and Part
fallure for specific Parts of metal stuctures. The history of cost and
frequency of farlure will help to better amaly=is the cost factors for
spectfic Parts and struchures.

Time-to- maintenance

The tme to complete recoat will differ from strategy to stategy. For
example, the time for complete recoat of the metal stucture undergoing
patch recoat maintenance strategy will come later than the stucture
undergoing only complste recoat mantenance strategy.

Trype of coating applied

The mmltilayered coating 15 apphed to a metal struchure having different
charactenistics such as corrosion resistant and for decorative purpose.

Operational activities

The decay in the wuseful hfe of coating of shuctires operating m a
controlled emironment 15 different from those operating in uncontrolled

Area recoated (specific | The area to be recoated can also be claszified by wsimg ASTM D610

to Part) standard which identfy the degree of msting and area to be coated
("Standard Practice for Evaluating Degree of Busong on Pamted Steel
Swrfaces," 2012).

Cost factors Thke cost factors mehides the cost of swface treatment, washing,

preparmg equipment for application of coating, labowr howrs, washing,
drving and other associated activifies..

Prediction error

In predicting the mamntenznce alerts, there 1z shll a huge zap betwesn
real-time scenanos and theoretical caleulatons. Real-hme momtonng
along with neural networks can also be appled to past and theorefical
data to make more acourate and precise predichions.

5. Cost of Recoating Maintenance

The algonthme framework for cost-effective maintenance decisions can be developed by fusing the
techmiques of multdisciplinary prognoshe modelling with cost estmation methods. The relation to
evaluating the annual cost m the field of economics (Tam & Stemer, 1996) 15 given as follows:

Annual cost = F,

ir ]
Fl+irE—1
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where 'F', 15 future cost, "ir’ 15 interest rate and exponent t” 15 ammual tme. In maintenance,
several cost factors are mvolved which meludes the cost of swface preparation, cost of application of
coating contaming blast abrasives, inspection, mamtenance facilites, preparation of coating
equipment and containment apparatus. The time 77 is the anmal time duration of useful coating hife.
The time ‘t" depends on de-bonding driving force which needs to be forecasted based on properties of
individual metal stucture and coating materials alonz with histonical mamtenance database as
descnbed m previous section. In case of Patch recoat,t” 15 dwration when de-bonding driving force
remained m safe conditon. The coating-substrate system considered for patch receat when de-
bonding dnving force exceeds cntical level. According to the requirement of recoating appheation,
the modified relation for anmal cost 'F." can be given as:

. ir 10
Annual cost = (Area_Recoat)(Cost_factor)(unit_cost) [(1 P 1]

In order to find the Total_Area_Recoat factor, the area of an indriduzl part to be recoated 15
determined The ASTM D610 which evaliates the amount of musting on coated steel swfaces can be

used to classify the corrosion rating and area required to be coated (" Standard Practice for Evaluating
Degree of Fusting on Painted Steel Surfaces,” 2012).

AT b d
Area_Recoat; = { reato. :Efam {%}} (Surf_area_Part;) 11

The total area to be recoated can be determined by the summation of individual parts as:

n
Total_Area_Recoat = Area_Recoat;
=a
The metal structures are assembled of multple parts with varnous geometrical shapes. The
individual Part area and the total area of structure can vary from structure to structure. The area of
multiple Parts and total area need to be measured accordmg to a specific metal struchure.

12

The coating mamntenance can be divided into three recoating strategies as (Tam & Stemer, 1996):

Patch recoat

) ir 13
Annual cost = Areap. g * (SUr ey, + cOGEING ) [m]
Part recoat
] ir 14
Annual cost = [:Af'sn,q,cmt ¥ Surfp,.q,cmjl + (area = coating qse) [m]
17
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Complete recoat

) ir
Annual cost = area « I[surf],w{w: + caat:'ngmﬂ] [W]
ir)t —

15

The inflation rate provides the rate of vanation i the cost of goods and services. The term
{1+ ir)® can be incorporated in the Equations (13), (14) and (15) as following:

Patch recoat

_ ) ir(1 + ir)t
Annual cost = Aréagecoar * (EW forep,,,, T Fo0HNGase ) m 16
Part recoat
i ir{1 + ir)t
Annual cost = (Arsuﬂtmt x mfprfpcm]l + (area * coating,,,..) [m] 17
Complete recoat
) ir(1 +ir)t
Annual cost = area * [wa‘TEF:u“ + cﬂ-ua'mgmr} m 18
Patch recoat
E Fail state
g Part recoat
o 1
| Cormgdels necoa
i ! i
. g : :
: ! '
Firrs f b T
(2) Profile for de-bonding driving farce
Completa raceet
.
E I !
3 ! i
.
! I
! | i N
i T Tim . *
() Profile for Paich recoat maintenance srakegy
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Complete recoat
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b
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(c) Profile for Part recoat mainferance soategy

Complete recoat

Condition

w

Time T,

(d) Profile for Profile for Complete recoat maintenance sirategy

Figure 5. Profiles for de-bonding driving force and maintenance strategies

The mamtenance profiles of metal structures associated with maintenance strategies have been
shown 1n the Figures 3b, 5¢ and 5d. In Patch recoat maintenance strategy, only affected area 1s
recoated that could be the formation of blisters, rusting or eracks. The Patch recoat 1= effective to stop
the damage at the earliest stage but more frequent stuctural health mspection is required than other
mamtenzance strategies. The hustory of inspection and associated degree of deterioration of the
coating-substrate system can be used to minmmse the inspechion frequency in futwe. The struchwre
may require several patch recoats at a different location of a metal stucture with time but 1t will
undergo complete recoat after the appropriate fime limmt The cost factors can also vary for patch
recoats depending on the location of the sbucture and geometmcal shape. The profile for patch recoats

15 shown in the Figure 5b. The relation for the total anmual cost for pateh recoat maintenance strategy
can be formalised as following:

R ir(1 + ir)* = ir(1 4+ ir)f
Annual 005tp ey repasr = on.ifh - I:SPP +6.) [m] + Zo-q-r +{5p + €0 {1_'_",]—1-'_1 19

19
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Onee coatmg fanhire oocurs o the form of blhisters or cracking, 1t will propagate with fime leading
to part fallure. The large metal structures are designed i complex geometncal stuchmes and
aszembled with numerous metallic parts. The parts at different locatons may experience diverse
factors for the coating and structare damage. Some Part may requre frequent recoat than other Parts.
The degree of mspection requived to 1dentfy Part recoat will be less than as compared to patch recoat
and 1t will nsually eccur later than patch farlwe The area of parts and geometrical shapes may differ
from each other so does the cost of area preparation and coating apphcation. The profile associated
with Part recoat 15 shown m the Figure 5c. The metal structure recening Part recoating strategy wall
alzo undergo complete recoat after the appropriate tme homt, The relation for the total anoual cost for
Part recoat maintenzanee strategy can be formalised as following:

Aﬁﬂml mg:tmpunnlt repair

e (14 iryt (L4ir)t
—lcﬂn-m)ﬂfm-m[[l+,,]J ] li. (5'.-'-'.+'5'I[{1+r| —

20

Emil

In Complete recoat maintenance strategy, the complate struchure 15 recoated once the condition of
the metal structure has reached a certain level of detenoration. The frequency of mspection requured
for complete recoat will be less az compared to other mainfenance stratemes. The profile for complete
recoat 15 shown 1o the Figure 5d. The relahion for the total anmual cost for complete reccat
maintenance strategy can be formalised as followrs:

ir(1 +ir)t ] 0

Ancnual €05, ot repatr = Z A, (5p, +C.) [_{]_ T —1
=0

The frequency of inspection can vary depending on the complexity of stucture and operating
condifions. The cost associated with mmspection and the movement of a structure for mnspection or for
the recoating purpose can be wrtten as follows:

n o F

_ ) ir(l+ ir)® ir{1+ir)t E
x Cost = Zl_ﬂust, 1 T —1 Z m_Costy (l-I-Lr}—f'ﬂ—l

=0

where x_Cost 15 represenfing the acommalative cost of number of inspections camied out at different
fime intervals and any cost of moving the stucturemulitary wvehicle for inspechon or recoating
purpose. Above relafion can be meorporated m Equatton (199, (20) and (21} resulting 1n relations to
find anmual cost bazed on frequency of mspections and cost that could imclude the movement of an
multary vehicle for recoating or mspection pwrpose as follows:
(1 4 i)

[EE S

1+
T+ i ] E‘-““*

a
LT — z Ary * (5, + I:F'l[

s
+ ¥ Ag v iSpe + G
2
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6.  Algorithm Implementation

The algonthm for mamtenance strategy evaluaton has been simulated and  elaborated
comprehensively through flow diagram as shown i the Figure 6. The recoating mamtenance strategy
algonthm confams two primary sections. One section perfooms prognostic modelhing while other
computes the anmal cost of recoating mantenance. Vanous scenanios can be smulated for evaluaton

considenng properfies of coating materials, different peometrical shapes of metal structures,
metesrolomeal parameters ete.. In cwrent simulation and anabyzis, two prepositons have been
considered.

Proposition 1: The expenmental findimgs show that the thickness of the coating 15 proportional
to the adhesion of the coatng and substrate system As the thickness of the coating increases the
development of blister failure will take more time. The development of blister 15 taken as patch fanlure
and the alzomthm 1= simmlated to evaluate the financial mpact of the thickness of the coatng on
annuzl cost of patch undergoes Patch recoating maintenance stategy.

Proposition I: In this scenano, two different recoating maintenanee stratepies are compared with
each other. The impact of Patch recoating and Part meceating stategy on the anomal cost of
mamtenznce 15 evaluated. In Patch recoating the only affected area'patch needs to be reated while m
Part recoating requires mainfenance treatment of whole compeonent/part of the structure. In order to
create all poszible condihions, the area of patch to be recoated 15 taken constant and numbers of
patches per year are mnereased for next ten vears. These patches are then compared with vanous area
of parts such as 2x (twice the area of patch area), 3x (thrice the area of patch area) ete.. . The prognostic
model to estimate the de-bonding dnwving force for blistenng faithwe has already been validated
through expenmental observations mentioned 1n publications by MCEM research group (Latf et al.,
2018b; Nazw, Ehan Saeed, etal., 20135; Nazr, Ehan, et al., 2015¢; Nazir, Ehan, & Stokes, 2016).

For simmlation analy=is, the properties of red omde primer coating and stuctural steel 5275 as
substrate are considered as they have been mvestigated in previeus expenmental analysis. The red
oxide pnmer coztng has Young's modulus “E" =6.14 GPa and the coefficient of thermal expansion
'a' = 21 Ex107% T. While, the stuctural steel 5275 has Young’s modulus ‘E” = 210 GPFa and the
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coefficient of thermal expansion "o’ = 12x107%' T (Latf et al., 2018k). In order to implement the
prognostic model for de-bonding drvang force, the parameters are converted into dimensionless form
Initizl boundary conditions:

Cp, [T) = 0, = 0 fortimet=0 26{a)

61,_,{?:) = g, fortimet >0 2500
The parameters are converted info a dimensionless form for numernical simulation as fellowing:

é}: = "k:,f"h 26(c)
52 i E,
_3| :{1—1:,2) E, 26(d)
0 = chl."luk, 26 (e)
2
. Er,t'ilh:
A= ) 26 ()
" oo 'F_ Il 'F—)
i:—l = E.ZE‘II I"ﬂ-":l pi Tk s
ﬁdl 'ﬂdl ﬁ'*:t'l.h = Esg'z Fhl‘;"hu 26 (g:l
"
i_ i _ GZELH (@, —ag) AT
Br, Py ATk, E.slmy ATy, 26 (k)
. 3 5y ]
= {{x“l —t) — (xi— 1) ].-'Il'xs' +Tend M
The dimensionless form of parameters in Equations (3} and (&) zrves following relation for de-

bonding drming foree:

F_ (1/E) M (1/7) 143 (/A

1 +tan(|:1 —-B) _t:nw)

7
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. (1/E) M (1/%)

T : 28
1+tan([1—E] _talnw)
The relatton for de-bonding drrving 15 computed through pumencal simmlation using time-
iterafive BEunge-kutta method Following steps are mvolved in solving prognostic modelling section.

a. The algonthm takes mput parameters which includes varnious matenial, chenmucal, mechanical,
and cost parameters.

b. The ertical de-bonding driving force 'F is computed using Equation (28).

o, As the de-bondmp drving force 13 fimction of resultant stress, the alpooithee updates oy’
using time rterative method to soklve Frin Equation (27).

d. The algonthm then compares the de-bonding dnving force to find the entical, safe and fal
condition according to Table 1.

g, The alponthm repeats the ‘e’ and “d’ unless de-bondmg driving force exceeds the cntical de-
bonding driving force.

The second sechon contmins computation of anmal cost for vanous recoating maintenance
strategies. For preposition 1, the algonthm computed the annual cost for Patch recoat with vanous
coatng thickness. In prepositon 2, the algonthm 1= compufing anmual cost for patch recoat and Part
recoat strategy mcluding one complete recoat in both cases. The algonithm caleulates the anmual cost
for pext e g. 10 vears duration starting from 1 Patch fanlure per year and simmlarly caleulates the cost
for next 10 years by incrementing a number of patch faluwre per year (from 1 to 10 patches/year).

Onece the cost for the patch faillure strategy 15 computed algonthm moves to Part recoat strategy
to caleulate the apnuzl cost of mamtenance by imereazing the arez of complete Part falwe requires
recoating. The algonthm calculates the coating cost for next e.z... 10 years considenng the area of
Part failure 15 “2x" timses than area of patch failure. Simmlarly, it confinues caleulating the annual cost
by increasmg area of Part failure till *10x" which means the area of the Part to be recoated 15 10 times
greater than the area of patch failure.

7. Results and Discussion

Proposition 1: The simulation results for de-bondmg diving force “F ' for various relative coating
thickness (Tep/s) as a function of de-bonding index (N) 15 shown m Fig. 7. As the relative coating
thickness increases, the coating and substrate system has high entical de-bonding dnvang force level
(fer). At relatrve coating thickness = (.1, the level of eritical de-bondmg driving force "Fery 15 lower
as compare to citical de-bonding driving force 'fory . Simularly, the ‘fery with relative coating
thickness = (.2 is lower than the critical de-bonding dmnng force 'fery with relative coating thickness
= 0.3. When the value of debonding mdex (N} 1z less than 1, the system 15 considered in safe
condrfion and no blister farlure has ocowred which 1s referenced as patch failure i current simulation.
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When the cmtcal de-bonding droving force exceeds the cmifical level then patch fallure has
occwrred and patch recoating maintenance 15 requred. The merease in thickness raises the level of
azdhesion so does enheal level for coating and substrate system. The high lovel of enfical de-bonding
driving force means that the coating and substrate system will take more time to reach patch faluwre
called as fail conditon. The increase mn thuckness of coating results m less number of patch falures
resulting in reduchion m recozhing maintenance. The companson of anmal cost of different relative
coatng thickness 15 shown m Fipure 8. Although, increasing the thuckness of coatng also ncreases
the amount of coating to be apphed so does the cost but the reduchon in Pateh recoating maintenance
activities resulted in lower anmual cost for high relative coating thickness system. According to
current simmlations, 1t can be concluded that the appropriate coating thickness for specific stucture
can be selected to optimise the cost of recoating maintenance.
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Figure 7. The behaviour of de-bonding drving force as fimction of de-bonding index

Proposition 2: The smmulation results are shown m the Fizure 9 explammng the mmltiple
scenarios to make a companson between Patch recoat strategy and Part recoat strategy. Each value on
the graph is presenting the anmmal cost for 10 years period of ttme. For smmulation, the umt costs of
coatng and swface preparations for both stategies are considered equal and at least one complete
recoat per year 1s considered for both strateges. The cost for complete recoat 15 also kept the same 1o
both maintenance strategies. The objective of the cumwent analysis 1= an evaluation of the best
mamtenznee strategy among Patch recoat and Part recoat for metal stuctures experiencing patch
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failures leading to Part failures. For Patch recoat calculations, the algorithm starts with computing the
anmual cost for next 10 vears considermy one pateh recoat and one complete recoat.
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Fizure 8. Normalised anmual cost as a function of relative coating thickness

Smmlarly in the next eration algonthm considers 2 patches recoat per vear and computes anmual
cost for mext 10 vears. The cost 15 converted info normalized value by teking ratio with a maxmum
value of cost. The anmual cost of pateh recoat 15 incveasme himearly as the mumber of patches per vear
increases and its mammum for 10 patches per vear as shown i Figure 7. For the Part recoat strategy,
the annual cost 15 computed for vamnable area of Parts which requires complete Part recoating. The
Part recoat area “2x’ means the area of a Part selected for complete Part recoat 15 two times greater
than the area of patch failure Simalarly, the cost of Part recoat area ‘10x" means the area of a Part
selected for complete Part recoat 15 10 fimes greater than the area of patch farlure.

The algorthm has suggested different best fit mamtenance strategles depending on the area of
Part failure a5 compared to patch failwre. The pomnt A 15 marked on the graph to explain the scenano
where the cost of both maintenance strategies crossmg each other. The point A desenbes that the
Patch recoat strategy 15 resulting in low cost when a number of patch recoats are less than 4 per vear
and area of the Part 1= 5 tomes greater than the area of Patch faslhure. The Part recoat stratezyv 1=
resultng in low cost when patch recoat exceeds 4 per vear and Part area 15 5 times greater than the
area of patch failure requires recoating.

The conclusion from point & can be considered as, if the metal structure 15 expenencing less than
4 patch recoat and 1tz Part area 15 5 tmes greater than patch failure than Patch recoat maintenance
strategy 15 cost-effechive maintenance strategy for comesponding metal stucture. However, if the
same metal stucture 15 expeniencing more than 4 patches faihore per vear than Part recoat strategy 1=
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more cost effective as compare to Pateh recoat strategy. The simulation result shows severzl erossing
for different area of Part and oumber of patch farluwres. The conclusion can be made for the specific
metal structure based on the frequency of its patch faillures per vear and area of Parts.
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Figure 9. Simulation results for recoating maintenance strategy for metal structores

8. Conclusions

The cwrent work presents very compressive and realishe approach to evaluate optimal recoating
mamtenance strategy for complex metal stuctures. The mamtenance cost for structures can be
evaluated by applying mumercus scenanos to the propesed alzorithm. The major limmitations in the n
umplementation of proposed algonthm are the benchmark for part falure for specific metal struchwe,
historical maintenanee data bazed on model parameters and real tme monitonng data of operating
locations.

The futore work mvolves development of prognostc models leading to part farlwre and the
collechon of the mamtenance parameters mn real-bme to ublise the proposed alponthm more
effectively. The NCEM research group 15 also developmg real-time conditton monrtoring system fo
zoquire varnous parameters which are required for mantenance model. The fumon of real-tme
monitoring system, maintenancs history database and prognostic models leading to part and complete
failore will make the proposed svstem algonthm more efficient. The collechon and management of
umform maintenance history m the form of a database of the ndridual shuehure 1= one of the major

7
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complications to make the maintenanee algorithm efficient for real-time scenarios. It 15 recommended
to professionals and researchers to develop a mechamism of maintainmg 2 wniform database of
mamntenanee history associated with specifie structures which imcorporates all the possible parameters
inveshgated m modemn research findings.
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ABSTRACT

This research investigates delamination and
blistering as coating failure mechanisms due to
corrosive diffusing species, residual and thermal
stresses. Several mathematical models to include
environmental variables as temperature, humidity
ratio, and atmospheric constituents have been
developedand reported. Duringthis study, various
coating failures have been analysed through a
combination of electrochemistry, fracture mechanics,
and heat transfer concepts. This approach enabled
the development of comprehensive mathematical
maodels for the prediction and prognos es of coating
failures appliedto high-value assets. The farmation
of blister and its propagation due to diffusion of
corrosive species was investigated. Fracture
mechanics concepts were utilised to study the
initiation and propagation of a circular blister as an
interfacial crack under the coupling effects of
compressive and diffusion-induced stresses along
with heat transfer due to pressure gradient at the
interface of the coating-substrate system. The
directionof blister propagationwas defined through
a mathematical model with blister radius rand radial
angle 8 as initial defining parameters. Experimental
work was conducted to assess the influence of
varying temperatures, humidity ratios, and
environmental pollutants as 30z and salt particles to

Imvestigate corrosion failures. Live condition
monitoring technigues were developed to assess
corrosion rate with respect to large vehicles
operation frequencies to study the effects of
changing environments. Three yvears of real time
data consisted of 150K data points was acquired for
investigating corrosion failures with or without
coatings. Both experimental and simulation d ata was
comparedto predictive and prognostics models.
There is an excellent agreement between
experimental and simulation results to be appliedfor
live corrosion condition monitoring of large high-
value assets. Asensor based corrosion condition
manitaring methodology, informed by experimental
and simulationresults has been developed and is
presented.

INTRODUCTION

Protective coating applied to industrial compon ents,
mobile assets andinfrastructures are susceptible to
mechanical and electrochemical failures. Corrosion
and Coatingfailures withinindustrial components,
infrastructures andlarge vehicles operating under
harsh environmental conditions caus e hugefinancial
loss wp to 3.1% of GOPfor an industrial ecanomy|1]
Live condition monitoring techniques are aimed to
reducethe costthroughearly detection of corrosion
and coating failure by changingthe scheduled based
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maintenance to condition-based maintenance.
MEMS sensor provides an adequate way to
measure the parameters involved in metal and
coating deterioration. The diagnostic and prognostic
models can be applied onrealdime monitored data
to assess the structural health. ManoCorr Energy
and Modelling (MCEM)research group analysedthe
surface corrosion onlarge vehicles and proposed
math ematical modelsfor diagnoses and prognoses
of coating life. Variable environmental conditions
play a major role inmaterial degradation. The useful
life of large vehides can be extended by enhanced
and precision condition monitoring techniques.
Corrosion and stresses withincoating play a major
rale in coating delamination process. Sensor
technology has awide range of applications in marny
areas to monitor, control and diagnose the
processes. Thisresearchinvestigates corrosionand
stressistrain behavior of coating/substrate system by
using micro-electromechanical (MEMS) sensors.
Micro-linear polarization Resistors (uWLPR) and strain
gauge sensorswere used toinvestigate the effect of
corrosionandstresses. Live condition monitaring
techniques were utilised to assess corrosion rate
with respectto large vehicles operation frequencies
to study the effects of changing environmental
conditions. Three years of real time data consisted
of 150K data pointswas acquired for investigating
corrosion failures with orwithout coatings. The strain
ratewas measured by mounting strain gavge s ensor
on coating/substrate system im am arm of
Wheatstone bridge circuit with a protedtive coating.
Live condition manitoring technigue can provide data
for critical assessment of coating/substrate system
to predict the failures.

EXPERIMENTAL PROCEDURE

Theapplication of comaosions ensor and strain gauge
sensor for live condition monitoring system is
presented. Stress analysis is done through the
principle of strain measurement. Strain gauge
sensor has been widely adapted to measure
stressistrain in foundations, building and other
(mechanical and civil) infrastructures. Whilst, the
UL PR concept has been widely utilised to monitor
the corrosion problems in aerospace applications,
waste  water  treatment  systems, paper
manufacturing cooling water systems, civil and
mechanical infrastructures where the structure is
vulnerable to a corrosive environment. The
strain/stress behavior was monitored on coated
samples inthe accelerated comosive environment.
A5l carbon steel 1010 was used as a substrate with
red oxide primercoating[2]. In orderto monitor the
corrosionrate of vehicles operating under variable
environmental conditions, the uLPRs are mounted

2

onturret top. Complete insulation process of live
condition monitoring mechanism of the strain gauge

and pLPR are discussed in following sections.
Strain Monitoring System

The general purpos e strain gage sensors with grid
resistance 350.0+0.2 were used to monitor strain on
coated samples. Accessories were used to mount
strain gauge onthe desired area of coated sample
as shown in Figure 1. First, the area where the
sensorwould be installedwas conditioned with M-
Prep neutralizer by using gauge sponge. The strain
gauvgewas then carefullytransferred onasample by
using PCT-2M tape. Strain gauge grid area was
wiped by using M- Bond 200 catalyst-C and M-Bond
200 was applied to attach sensor on the coating.
The PCT-2M gaugeinstallation tape was removed
after two minutes. Forbonding, the strain gauge on
surface M-Bond 200 was used which does not have
any effect on the substrate and coating. After
mounting the strain gauge on the sample, solder
was used to wire the connections between strain
gauge sensorterminals and cable leading to DAC.
The mounted strain gauge has shown in Figure 2.

The strain gage sensors were connected to Data
Acquisition Conditioner (DAC) which has & Hz
sampling rate. The DAC has RJ 45 connectors to
communicate with strain gauge sensors and
poweredvia USE interface which als o connedts with
base station[3]. t measuresthe change in strain by
measuring the change in resistance through
Wheatstone bridge concept which is an electrical
circuit us ed to find unknown electrical resistance by
farming a bridge of known resistances. The
complete architecture of strain monitoring system is
presentedin Figure 3. DAC supports quarter, half
and full bridge configurations with bridge impedance
from &0 to 200002

Figure 1: Accessones used for strain gauge installation
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The following equation represents the relation
between measured unknown resistance and strain.

_ AR/R,

G.F - 1

‘Where 6.F is a gauge fador which is defined as
relative ratio between mechanical strainand change
in electrical resistance, AR change in resistance, 7,
is the resistance of the un-deformed gavge and ¢ is
strain. Two samples were prepared with strain
gauge Sensors.

Figure 2: Strain gauge mounted on coating’substrate
system

Data Conditicaer Lok
LR EY

Wirnhs (]

& o M

e

B etadion

Figure 3: Architecture of strain monitoring system
Corrosion Monitoring System

Large military wvehicles exposed to harsh
environmental conditions causing concerns for
structural healthinterms of corrosion and coating
failures. Linearpolarization resistance (LPR) is the
only electrochemicaltechnique being used for real-
time monitoring of corrosionrate. The accuracy and
precision of LPR in the corrosive environment have
been verified using ASTM G385 Annex 5 standard
[4]. According to mixed potential theory, the
potentials induced at anodic and cathodic sides are
equivalent to corrosion potential. The cumrent density
between the potential is called corrosion current
density [B]. Corrosion current density can be
calculated throughStern-Geary equationwhich can
be given as:

proportionality _constant (B)_and _polarizati
resistance (R,). For aluminum alloy widely used in
aerospace industry has B = 1000 and structural
3

carbon steel 1010 has B = 3000. Proportionality
constant (B) can be determined for any particular
material by using anodic and cathodic slopes in

Tafel plot [8] Relation between slops and
proportionality constant can be given as:
oo b
T Inf{103 (b +b) 3

Polarization residence (R,) can be deermined by
using two and three electrode system. The uLPR
sensoris based onthe principle ofthree electrodes
system to measure polanzationresistance. The rate
of corrosionwith resped to time at any instant can
be computed by modifying Faraday's Law as:
B [ w ]

E’R(c}:l.:ml ad ]:
" lasesF R, ldsesF

4

F is Faraday's constant, & is the number electrons
exchanged during oxidation reaction, A represents
corroding electrode’s area and w is the atomic
weight of metal.

Base slalion

vekitle

Figure 4: Architecture of comoeion monitonng =yefem

Large military vehicles at the Tank Museum are
operating under controlled and uncontrolled
environmental conditions. The real-time carrosion
monitoring peformed onvehicle A operating under
controlled and vehicle B operating under
uncontrolled environment is presented in this paper.
Thesensorswere mountedon Turret top, which is
the most exposed area of the wehicle to
environmental changes. The pLPR has working,
reference and counter electrodes as shownin Figure
4. The counter and the reference electrode are
made from copper with (EMIG) electroless nickel
plating coveredwith a thin coat ofimmersion gold to
insulate the nickel from oxidation. The working
electrode is alsofabricated with Electroless nickel
immersion gold (EMNIGE). Electrodes are attach edwith
flex cablewhich can beinstalled onto the substrate
by using epoxy for corrosion rate measurement. The
uLPR sensors were mounted on Turret top and
connectedto Data acquisition unit (DAQ) which can
store the measured values of linear polarization
resistance from the sensor. DAQ has a battery life of
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approximately 57 years subjected to temperature
conditions and duty cyde. The data stored in DAQ
can be transferred to the base station by using
RS232, R5-484 or wireless ZigBee protocol. The
software installed at base station computes
corrosion rate based on linear polarization
resistance values retrieved from DAQ.

Condition Based Monitoring System

From the past several years, NCEM research group
has been making significant contributions in
providing engineering solutions for protection of
industrial components, large vehicles operating in
harsh environmental conditions and valuable assets
[2, T-20]. Several diagnostic and prognostic
mathematical models have been proposed and
validated based on multidisciplinary research
approach.

Sensors
#  Micro-Linear polarisation
resistors
®  Strain gauge

Dhate ssoquuisition: wnits

*  Transduosrs
®  Wheat stone bridgs
L] Tramamit, e omfes

X

(/r Bectrochemistry, Fracture mechanics, _\

Materisl soience, Heat transfer concepts

= Func [Eyto 6 Vs AT)

= Func (E,t.0, W2, AT)

Evaliste
» Coating faihure pre diction
= Corrosion rate status

T
'
Condition Based Monitoring Plan

Figure 5: Condition base monitoring system model

Currentresearchis a step advance towards building
live condition health monitoring system by
incorporating state-of-the-art mathematical model
which indudes electrochemistry, fracture mechanics,
material science and heat transfer concepts. The
flow diagram of the proposed condition based
monitoring system based on multidisciplinary
approachisshownin Figure 5. The application of
MEMS sensoris presentedin this paper and further
inwestigationin more depthusingMEMS sensors will
be conducted in future to bridge them with
mathematical models for accurate future predictions.
Khan-Mazir model has been previously reported
whichis an efficient andnovel approach by fusing
diffusion andfraciure mechanics concepts to explain
the behavior of cathodic delamination process [13,
1&]. Primary influential parameterslike de-bonding
driving force have been modeled as a function of
mechanicaland chemical properies ofthe coating-
substrate system to expound the nucleation and
propagation of coating failures including blistering
and micro-cracks [10, 12, 14]. The structural steel
used in bridges, industrial components, and other
high-value assets are greatly affected by acidic rain
which contains a solution of water and sulfur dioxide
(S0:z). The mathematical relations to simulate the
influence of corrosive product (30:) on corrosion
mechanism of structural steel with respect to time,
wind velocity, indination angle 8 was also presented
[2]. HCEM research group has also conductedthree
years of live corrosion monitoring analysis by using
ULPR sensors of historical tanks stationed within
TheTank Museum at Bovington, United Kingdom.
Three years ofreal time data consisted of 150K data
points was acquired for investigating corrosion
failures with or without coatings. For accurate
condition based monitoring plan, statistical
techniques can be applied to the real-time data
whichwas obtained from sensors and mathematical
model far reliable detectability of potential risks of
structural deterioration.

RESULT 5 AND DISCUSSION

The performance of strain gauge sensor for coated
samples was tested under variable temperature
conditions. Stressistrain is a major parameter to
drive de-bonding driving force of coating/substrate
system. Theaim of using strain gauge sensor over
the coating is to take real time measurement of
stress/strainto monitor current condition of coating
and to input realtime stress value into the
mathematical models which have been designed far
coating failures. The samples with incorporated
strain sensor were kept inside the environmental
chamberwith awireleadingto DAC placed outside
the chamber. The experimental results acquired
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from DAC are plotted inFigure 8. The experimental
results have s hown promising results for utilizing this
test configuration for live stress measurement. The
effect of Thermal stress was observed by increasing
temperaturewhen sample 1 was transported into the
chamberwhere thetemperature was slightly higher
as comparedto thesurrounding temperature. The
change in temperature induces Thermal stress
which can be observed at point A in Figure &
Thermal stress depends on Elastic modulus, the
coefficient of Thermal expansion and changein
temperature as: g = ExAT [21]. The Thermal
stress due to change in temperature produced
compressive straindstress which can be seen in
embedded plot §.A in Figure 8. The temperature
was kept constant fornext 24 hours. During constant
temperature, Thermal expansiontaking place until it
reachies maximum level depending on the
magnitude of temperature. After 24 hours, the
temperature was increased by AT = 20. As a result,
TheThermal stressinducedatthis point was large
than observedat point A depending on the rate of
change in temperature. After point B, the
temperaturewas kept constant againforthe next 24
haours. During this perod, the Themal expansion of
coating once again started to gainits maximum leve
corresponding to magnitude of temperature. After 24
hours, temperature was increased further and at this
time the AT = 30 which resulted in high Thermal
stress as compared to point A and point B. The,

gmbedded plots of points A Band CinFigure &
whichshaws Me bebhavior of siress when ThEma

It
can also be seen that the high change in
temperature resulting in high Thermal stress. The
experimentalwork shows promising resultsto utilize
strain gauvge sensor for real time values for
prognosis models. Similar kind of experiment was
dlso performed on another sample 2 with strain
gauge sensor to ensure repeatability of sensor
behavior with same sensing equipment. The
experimental results canbe seen in Figure ¥ which
showssimilarbehavior. As temperature increases,
the coating material tends to reach its maximum
Thermal expansion level corresponding to
magnitude of temperature.

Thereal-time corrosion monitoring of two different
vehicles operating (stationary and mobile) in the
various ervironment have been presented. There
were two WLPR sensors mounted on turret top of
each largevehide connectedto DAQ. Sensors data
were continuously beenstoredinthe memoryunit of
DAL and retrieved regularly after few months of
time. Thevehicle Awas remained stationany during
the course of this stud and was subjected to
controlled envirorment. Accordingto acquired data
framvehide A operating in controlled environmental

conditions, pLPRs have not shown any data points
due to reason that no significant variation in
temperature, salinity, and relative humidity had
occurred. The results obtained from corrosion
manitaring system installed onvehide Ais shownin
in Figure 8. Whilst, the corrosion was observed in
vehicle B, which has been in a dual state of
operation i.e. both under the controlled and
uncontrolled environmental conditions. The results
obtained from sensors mounted on turret top of
vehicle B presented in Figure 9. There were two
LPR sensors embedded on each large vehicle.
LPR1 has not shown any corrosion rate. So its value
remained zeroin both conditions (Controlled and
uncontrolled environment) as showninFigure § and
Figure 9. The corrosion rate was observed on
several occasions during activity. The area pointed
with the caption as activity in Figure @ represents the
existence of corrosion reactions during activity.
Therge are mainly two types of environmental
conditions where large vehicles are operated or
stationed. One is under the shed, where the
environment is controlled and mare likely suitable for
the structure of large wvehicles. The second
environment is outside the shed where large
vehicles are alsooperated orstationed forexhibition
activity. The Tank Museum is sitvated near the
coast, therefore in the uncontrolled environment the
salt particles present in the atmosphere
accumulated overuncovered steel pars. These salt
particles are a major factor for the initiation of
corrosion. The activity of movingvehide B repeated
several times during three years but the corrosion
rateis notsimilar as it kept on decreasing due to the
formationofathinlayer of corrosive species over
the vehicle surface.

CONCLUSION

Thereal-time corrosion monitoring and stress/strain
measurement technigques have been reportedin the
current research. The data points obtained from both
systems have shown promising results for utilization
of MEMS for live and remote structural health
manitaring system. The strain gauge sensar has
shownthevalues ofthermal compressive stress for
minorchanges in temperature which will provide
useful data for coating life assessment. The pLPR
sensorwithwireless technology embedded within
high-value assets can sendalertwarning about the
initiation of corrosion process to the professionals to
take necessary actions whichwill helpin prolonging
the useful life of these assets. According to the
results obtained from experimentation, the strain
gaugesensorsand uLPRs willprovide an effective
way to design state-of-the-art condition based
monitaring system.
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Appendix F: Simulation code

Simulation code for Optimal maintenance strategy

% Parameters for patch repair

Patch A = zeros(500,1) ;
Patch Sp cost = zeros(500,1);
Patch Cting Cost = zeros(500,1) ;

Patch A(1:500)= Patch Area ;
Patch Sp cost(1:500) = Patch Surfprep cost;
Patch Cting Cost(1:500) = Patch Coating Cost ;

% Parameters for component repair
Comp A = zeros(500,1) ;
Comp A recoat = zeros(500,1);
Comp_Sp cost = zeros(500,1);
Comp Cting Cost = zeros(500,1) ;

Comp A(1:500) = Comp Area;

Comp A recoat(1:500) = Comp Area recoat;
Comp Sp cost(1:500) = Comp_ Surfprep cost;
Comp Cting Cost(1:500) = Comp Coating Cost;

% Parameters for complete repair
Complt A = zeros(500,1) ;
Complt A struct = zeros(500,1) ;
Complt Sp cost = zeros(500,1);
Complt Cting Cost = zeros(500,1) ;

Complt A(1:500) = Complt Area ;
Complt A struct(1:500) = Complt Area struct;
Complt Sp cost(1:500) = Complt Surfprep cost;
Complt Cting Cost(1:500) = Complt Coating Cost ;
Annual patch cost = zeros(500,1);

Annual Comp cost = zeros (500,1);

Annual Complt cost = zeros(500,1);

ttp = 0;

tte = 0;

233



Appendix F: Simulation code

ttcs = 0;

if Maintenance Strategy == 1

Total cost =

zeros (Max No patch repair,1);

Patch = zeros (Max No patch repair,1);
XXX = No_Patch repair;

YYY = Max No patch repair;

end

if Maintenance Strategy ==
Total cost =
No Path Component =

XXX = No Component repair;
YYY = Max No comp repair;
end

if Maintenance Strategy ==
Total cost =
No Path Component =
XXX =
YYY =
end

No Complete repair;
Max No complt repair;

j=1;

Total Time months = 0;%%% tried./
Time Patch repair months = 0;
Time Comp repair months = 0;

while XXX <= YYY %$%%%% No_Patc
XXX
YYY

%% Calculations for time

Total Time months = Total
Time Patch repair months
Time Comp repair months =
% No Component repair
% Time Comp repair months

Time Complt repair months
Time Patch repair year =
tp = Time Patch repair ye

Time Comp repair year = T
tc = Time Comp repair yea

Time Complt repair year =
tcs =

Time Complt repair

zeros (Max No comp repair,1);
zeros (Max No comp repair,1);

3

zeros (Max No complt repair,1);
zeros (Max No complt repair,1);

h repair <= Max No patch repair

for all strategies
_Time years * 12;

= 12/No_Patch repair;
12/No_Component repair;

= 12/No_Complete repair;
Time Patch repair months / 12;
ar;

ime Comp repair months / 12;
ry

Time Complt repair months / 12;
year;
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No Patch repair counts = Total Time months /
Time Patch repair months;

No Comp repair counts = Total Time months /
Time Comp repair months;

No Complt repair counts = Total Time months /
Time Complt repair months;
if Maintenance Strategy == 1

for i = 1:No_Patch repair counts

ttp = tp + ttp;

cp = Patch Sp cost(i) + Patch Cting Cost (i);

Annual patch cost(i) = ((Patch A(i)) * cp *(ir*(l+ir)"ttp))/

(((1+ir) " ttp)-1);

Patch A (1)

Annual patch cost (i)

end
ttp = 0;
end
if Maintenance Strategy == 2
for i = 1:No Comp repair counts

%i

$No Comp repair counts
cc = (Comp Sp cost(i))* (Comp A recoat(i));
ca (Comp A(i)* Comp Cting Cost (i) );

ttc = tc + ttc;

Annual Comp cost (i) = ((cc+ca) * (ir* (1+ir) “ttc))
/ (((1l+ir)~ttc)-1);
% Annual Comp cost (i)
% ttc
end
ttc = 0;
end
for i = 1:No Complt repair counts
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cs = (Complt A struct(i)* (Complt Cting Cost (i) +
Complt Sp cost(i))):;

ttcs = tcs + ttces;

Annual Complt cost(i)= (cs *(ir*(l+ir)~ttcs))/(((1l+ir)" ttcs)-
1);
Annual Complt cost (i)
end
ttcs = 0;

Total Cost(3) = sum(Annual patch cost) + sum(Annual Comp cost) +
sum (Annual Complt cost);

No Path Component(j) = XXX ; %% Patch (j) No Patch repair ;
J o= Jj+1;

Annual patch cost(500:1) = 0;
Annual Comp cost (500:1) = 0;

Annual Complt cost (500:1) 0;

if Maintenance Strategy ==
No Patch repair = No Patch repair + incr patches;
XXX = No_ Patch repair;

end

if Maintenance Strategy == 2
No Component repair = No Component repair + incr comp;
XXX = No_ Component repair;

end

if Maintenance Strategy ==
No Complete repair = No Complete repair + incr complt;
XXX = No Complete repair;

end

end

%$Patch

o\
.

Save Patch Values = zeros(10:1);

Save Component Values = zeros(10:1);

$Annual patch cost

if Maintenance Strategy ==
MAx Value = max(Total Cost(l:3j-1));
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Save Patch Values(1:10) = Total Cost(l:j-1)/MAx Value;
Save Patch Values

plot (Total Cost(l:j-1)/MAx Value);
splot (No Path Component (1:3j-1),Total Cost(l:3j-1));
end

if Maintenance Strategy ==
Total Cost(1:10) =sum(Total Cost());

Save Component Values(1:10) = Total Cost(1:10)/MAx Value;
plot (Total Cost(1:10) /MAx Value);

$plot (No_Path Component (1:j-1),Total Cost(l:3j-1));

end

if Maintenance Strategy == 3

plot (Total Cost(l:3-1));

$plot (No Path Component (1:j-1),Total Cost(l:3j-1));
end

hold on

Total Cost(1:10) = O;
end
hold on
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SPECIFICATIONS

NI cRIO-9063

Embedded Real-Time Controller with Reconfigurable FPGA for
C Series Modules

This document lists the specifications for the NI cRIO-9063. The following specifications are
typical for the -20 °C to 55 °C operating temperature range unless otherwise noted.

& Caution Do not operate the cRIO-9063 in a manner not specified in this document.
Product misuse can result in a hazard. You can compromuse the safety protection
built mto the product 1f the product 1s damaged 1n any way. If the product 1s

damaged, return 1t to NI for repair.

Processor

Type Xilinx Zyng-7000, XC7Z020 All
Programmable SoC

Architecture ARM Cotex-A9

Speed 667 MHz

Cores 2

Flash reboot endurance! 100,000 cycles

Operating System

Note For mmimum software support information, visit ni com/info and enter the
Info Code swsuppozrt.

Supported operating system NI Linux Real-Time (32-bit)

! ¥ou can increase the flash reboot endurance value by performing field maintenance on the device.
If you expect that your application may exceed the maximum cycle count listed in this document.
contact NI support for information about how to increase the reboot endurance value.

NATIONAL
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Software requirements
Application software
LabVIEW

Drver software

LabVIEW 2014 SP1 or later,
LabVIEW Real-Time Module 2014 SP1 or later.
LabVIEW FPGA Module 2014 SP1 or later?

NI-RIO Device Drivers 14.5 or later

Memory

Nonvolatile memory® 512 MB

Volatile memory (DRAM) 256 MB

Network

Network interface 10Base-T, 100Base-T. 1000Base-T Ethernet

Compatibility IEEE 802.3

Communication rates 10 Mbps, 100 Mbps, 1,000 Mbps auto-
negotiated, half/full-duplex

Maximum cabling distance 100 m/segment

Internal Real-Time Clock

Accuracy

USB Ports

5 ppm

USB device port

Type

Maximum data rate
USB host port

Type

Maximum data rate

TSE 2.0 Hi-Speed. with standard B connector
480 Mbps

USB 2.0 Hi-Speed, with standard A connector
480 Mbps

2 LabVIEW FPGA Module is not required when using Scan Interface mode. To program the user-
accessible FPGA on the cRIO-2063, LabVIEW FPGA Module is required.
3 Formatted capactity of nonvolatile memory may be slightly less than this value.

2 | nicom | NIcRIO-2063 Specifications
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Reconfigurable FPGA

Type Xilinx Zynq-7000, XC7Z020 All
Programmable SoC

Number of logic cells 85.000

Number of flip-flops 106,400

Number of 6-input LUTs 53.200

Number of DSP slices (18 = 25 multipliers) 220

Available block RAM 44380 kbats

Number of DMA channels 16

Number of logical mterrupts 32

Battery

MNote The battery 1s not user-replaceable. Refer to the Battery Replacement and
Disposal section for information about replacing the battery.

\@ Note Battery life may drop dramatically i extreme temperatures.

Typical battery life with power applied to 10 years
power connector

Typical battery life 1n storage at 55 °C 5 years

Power Requirements

Voltage input range 9VDC to 30 VDC
Reverse-voltage protection 30 VDC maximum
Maximum power input, with four C Series 18 W

modules

Maximum power mput, without C Senes 14 W

modules

NI cRIO-0063 Specifications | & Nafional Instruments | 3
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Physical Characteristics
If you need to clean the cRIO-9063. wipe it with a dry towel.

@ Tip For two-dimensional drawings and three-dimensional models of the
cRIO-9063, visit ni.com/dimensions and search by module number.

Weight (unloaded) 683 g (24.10 oz)

Dimensions (unloaded) 1781 mm = 873 mm * 64 3 mm (701 in_ =
344 in x 2.63 in)

Screw-termunal wiring

Gauge 0.2 mm 2 to 2.1 mm” (24 AWG to 14 AWG)
copper conductor wire

Wire strip length 6 mm (0.24 m.) of msulation stripped from the
end

Temperature rating 85 °C

Torque for screw terminals 020N -mto025N -m(181b -1 to
22Ib-m)

Wires per screw terminal One wire per screw termunal

Connector securement

Securement type Screw flanges provided
Torque for screw flanges 03N mto04N m((2.71b - to
35Ib-m)

Safety Voltages

Comnect only voltages that are within the following limats:

WV ternunal to C ternunal 30 VDC max. Measurement Category I

Measurement Category I is for measurements performed on circuits not directly connected to
the electrical distribution system referred to as MAINS voltage. MAINS 15 a hazardous live
electrical supply system that powers equipment. This category 1s for measurements of voltages
from specially protected secondary circuits. Such voltage measurements include signal levels,
special equipment, limited-energy parts of equipment, circuits powered by regulated low-
voltage sources, and electronics.

f Caution Do not connect the cRIO-9063 to signals or use for measurements within
Measurement Categories IL IIL or IV.

4 | nicom | NIcRIO-80683 Specifications
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\@ Mote Measurement Categonies CAT I and CAT O are equavalent. These test and

measurement circuits are not mtended for direct connection to the MAINS building
installations of Measurement Categories CAT II. CAT ITI. or CAT IV.

Safety and Hazardous Locations Standards

This product 1s designed to meet the requirements of the following electrical equipment safety
standards for measurement. control. and laboratory use:

IEC 61010-1, EN 61010-1

UL 61010-1. CSA 61010-1

EN 60079-0:2012, EN 60079-15:2010
IEC 60079-0: Ed 6, IEC 60079-15: Ed 4
UL 60079-0; Ed 5, UL 60079-15; Ed 3
CS5A 60079-0:2011, CSA 60079-15:2012

Mote For UL and other safety certifications, refer to the product label or the Online
Product Certification section.

Electromagnetic Compatibility

This product meets the requirements of the followmmg EMC standards for electrical equipment
for measurement. control. and laboratory use:

EN 61326-1 (IEC 61326-1)- Class A emissions; Industrial immunity
EN 55011 (CISPR 11): Group 1, Class A emissions

EN 55022 (CISPE. 22): Class A emuissions

EN 55024 (CISPR 24): Immunity

AS/MNZS CISPR 11: Group 1, Class A emissions

AS/NZS CISPR 22: Class A emissions

FCC 47 CFR Part 15B: Class A emissions

ICES-001: Class A emissions

\@ Note In the United States (per FCC 47 CFR), Class A equipment is intended for

@ @

use i commercial, light-industrial. and heavy-industrial locations. In Europe.
Canada, Australia and New Zealand (per CISPR 11) Class A equipment is intended
for use only in heavy-industrial locations.

Note Group 1 equipment (per CISPR 11) is any industrial. scientific. or medical
equipment that does not intentionally generate radio frequency energy for the
treatment of material or inspection/analysis purposes.

Mote For EMC declarations and certifications. and additional mformation, refer to
the Online Product Certification section.

NI cRIO-9063 Specifications | € Mational Instruments | 5
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CE Compliance C€

This product meets the essential requirements of applicable European Directives, as follows:
+  2014/35/EU; Low-Voltage Directive (safety)

+  2014/30/EU; Electromagnetic Compatibility Directive {(EMC)

*  94/9/EC:; Potentially Explosive Atmospheres (ATEX)

Online Product Certification

Refer to the product Declaration of Conformity (DoC) for additional regulatory comphiance
information. To obtain product certifications and the DoC for this product, visit ni.com/’
certification, search by model number or product hine, and click the appropriate link 1n the
Certification colummn.

Hazardous Locations

US. (UL) Class [ Division 2, Groups A, B, C, D. T4;
Class I, Zone 2, AEx nA IIC T4
Canada (C-UL) Class L, Division 2, Groups A, B, C. D, T4;

Class I Zone 2, Ex nA IIC T4
Europe (ATEX) and International (IECEx) Ex nA IIC T4 Ge

Environmental

Temperature (IEC 60068-2-1 and IEC 60068-2-2)
Operating -20°C to 55 °C
Storage -40 *C to 85 *C
& Caution Failure to follow the mounting instructions in the user manual can cause

temperature derating. Visit ni com/info and enter Info Code criomounting for
more mformation about mounting configurations and temperature derating.

Ingress protection IP40

Operating humudity (IEC 60068-2-56) 10% RH to 90% RH. noncondensing
Storage humdity (IEC 60068-2-56) 5% RH to 95% RH. noncondensing
Pollution Degree (IEC 60664) 2

Maximum altitude 5,000

Indoor use only*

6 | nicom | NIcRIO-3063 Specifications
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Shock and Vibration

To meet these specifications, you must mount the cRIO-9063 system directly on a flat, ngad
surface as described 1n the user manual, affix ferrules to the ends of the terminal wires, mstall
an SD card cover (SD Door Kit, 783660-01), and use retention accessories for the USB host
ports (NI Industrial USB Extender Cable, 152166-xx), USB device port (NI Locking USB
Cable, 157788-01), and mini DisplayPort connector (NI Retention Accessory for Mim
DisplayPort, 156866-01). All cabling should be strain-relieved near input connectors. Take
care to not directionally bias cable connectors within input connectors when applying strain

relief.
Operating vibration
Random (IEC 60068-2-64) 5 g... 10 Hz to 500 Hz
Sinusoidal (IEC 60068-2-6) 5 g. 10 Hz to 500 Hz
Operating shock (IEC 60068-2-27) 30 g, 11 ms half sme; 50 g. 3 ms half sine;

18 shocks at 6 orientations

Environmental Management

NI 15 commutted to designing and manufacturing products 1n an environmentally responsible
manner. NI recognizes that elimnating certamn hazardous substances from our products 1s
beneficial to the environment and to NI customers.

For additional environmental information, refer to the Minimize Our Environmental Impact
web page at ni.com/environment. This page contains the environmental regulations and
directives with which NI complies, as well as other environmental information not mcluded in

this document.
Waste Electrical and Electronic Equipment (WEEE)
hd EU Customers At the end of the product life cycle, all NI products must be

disposed of according to local laws and regulations. For more imformation about
how to recycle NI products 1n your region, visit ni com/environment/weea.

Battery Replacement and Disposal

j_'i( Battery Directive This device contaimns a long-life coin cell battery. If vou need to

- replace it. use the Return Material Authorization (RMA) process or contact an
authorized National Instruments service representative. For more information about
compliance with the EU Battery Directive 2006/66/EC about Batteries and

* Use NI 9917 and NI 9918 industrial enclosures to protect the device in harsh, dirty, or wet
environments.

NI cRIO-2063 Spacifications | @ Mafional Instruments | 7
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DATASHEET

NI 9207

16 Al, £20 mA/+10 V, 24 Bit, 500 S/s Aggregate

* 8 current and 8 voltage
nputs, 500 Sfs

* =20 mA current mputs, £10
V voltage inputs, 24-bit
resolution

»  High-Resolution Mode
with 50/60 Hz rejection

* 250 Vrms, CAT IL chanhel-
to-earth isolation (spring
terminal); 60 VDC, CAT L,
channel-to-earth 1solation
(DSUB)

+  DSUB or spring-terminal
connectivity

*  -40°Cto 70 °C operating
range, 5 g vibration,
50 g shock

The NI 9207 combination voltage and current input C Series module has eight channels of
+20 mA input and eight channels of £10 V input with built-in 50/60 Hz rejection for noise
Tejection.

Designed with mdustrial systems in mind, the NI 9207 combines the two most commeon inputs
to reduce the overall number of modules you need. A system that uses fewer modules has the
benefit of leaving slots open for other measurement types or reducing the overall cost and size
of the system. The NI 9207 has a standard 37-pin DSUB and 36-pin spring termanal
connections for use with cables and connector blocks.
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Circuitry

NI LabVIEW Real-Time Module
Design determunistic real-time applications with LabVIEW

graphical programming

Download to dedicated NT or third-party hardware for reliable

execution and a wide selection of T'O

Take advantage of built-in PID control. signal processing. and

analysis functions

Automatically take advantage of multicore CPUs or set

processor affimity manually

Take advantage of real-tume OS, development and debugging

support, and board support

Purchase imndividually or as part of a LabVIEW suite

AlD+ :,
a0
AI:."+ :'
AlT- g
'u"slup [}
‘v"slup &

AlS g

Al15

MLUX

MUX

g
=
- ———— -

The input signals are scanned, amplified. conditioned, and then sampled by a single 24-bat

ADC.

+

Instrumentafion™,

AW

MUX

Amplifier

NI 9207 Specifications

The followmg specifications are typical for the range -40 °C to 70 °C unless otherwise noted.

All voltages are relative to COM unless otherwise noted.

4 | nicom | MNIg207 Datasheet
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f Caution Do not operate the NI 9207 in a manner not specified in this document.
Product misuse can result in a hazard You can compromise the safety protection
built into the product if the product 15 damaged in any way. If the product 1s

damaged, return it to NI for repair

Input Characteristics

MNumber of channels

16 analog mput channels: 8 voltage and
8 current

ADC resolution 24 bits
Type of ADC Delta-Sigma
Sampling mode Scanned
Input range
Voltage channels
Minimum 102V
Typical 104V
Current channels
Minimum +21.5 mA
Typical +22 0 mA

Maximum working voltage for analog Each channel must remain within £10. 2 V of
inputs (signal voltage + common mode common

voltage), voltage channels only
Conversion time (per channel)

High-Resolution Mode 52 ms

High-Speed Mode 2 ms
Overvoltage protection, channel-to-COM, +30 V maximum on one channel at a time
all channels

Vsup pins, current channels only

Current 2 A maximum

Voltage 0 to 30 V maximum
Input impedance

Voltage channels =1 GQ

Current channels 50

NI 9207 Datasheet | @ MNational Instruments |
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Table 1. Accuracy

Calibrated Measurement Channels Percent of Percent of Range!
Conditions Reading (Offset Error)
(Gain Error)
Maximum (-40 °C to 70 °C) | Voltage channels +0 52% +0.04%
Current channels +0.87% +£0.05%
Input noise
Voltage channels
High-Resolution Mode 16 uVrms
High-Speed Mode 80 uVims
Current channels
High-Resolution Mode 50 nArms
High-Speed Mode 200 nArms
Stability
Voltage channels
Gain dnft £21 ppm/°C
Offset dnift 14 pV/eC
Current channels
Gain dnft +43 ppm/°C
Offset dnift +30 nAPC
CMRFR. (£..= 0 Hz to 60 Hz), voltage 86 dB
channels only
CMRR. channel-to-earth ground (50/60 Hz)*
High-Resolution Mode 160 dB
High-Speed Mode 120 dB
NMRER (High-Resolution Made only)
50Hz 66 dB
60 Hz 6% dB

! Range equals 10.4 V for voltage channels and 22.0 mA for current channels.
1 Woltage channel of NI 9207 with spring terminal only.

6 | nicom | NI 9207 Datashest
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Power Requirements
Power consumption from chassis
Active mode
Sleep mode
Thermal dissipation (at -40 °C)
Active mode
Sleep mode

Physical Characteristics

295 mW maxinmim

25 W maxumum

0.75 W maximum

0.59 W maximum

If you need to clean the module, wipe it with a dry towel.

@ Tip For two-dimensional drawings and three-dimensional models of the C Series
module and connectors, visit ni.com/dimensions and search by module number.

Push-in spring-terminal wiring

Gaunge

Wire strip length

Temperature rating
Wires per spring termuinal

Ferrules
Connector securement
Securement type
Torque for screw flanges
Weight
NI 9207 wath spring terminal
NI 9207 with DSUB

0.14 mm? to 1.5 mm? (26 AWG to 16 AWG)
copper conductor wire

10 mm (0.394 1) of mnsulation stripped from
the end

90 °C minmmum
One wire per spring terminal; two wires per
spring terminal using a 2-wire ferrule

0.14 mm? to 1.5 mm?

Screw flanges prowvided
02N-m(1801b-in)

161 g (5.7 oz)
144 2 (5.1 oz)

NI 9207 with Spring Terminal Safety Voltages

Connect only voltages that are within the followmg limits:

Isolation

Channel-to-channel

None

Ml 9207 Datashee! | @ National Instruments | 7
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DATASHEET

NI 9217

4 RTD, 0 O to 400 Q, 24 Bit, 400 S/s Aggregate, PT100

*  Screw-terminal connectivity
+ 50 Hz/60 Hz noise rejection
« 250 Vims. CAT II, channel-to-earth isolation

-

--
=
-
-
-
-

The NI 9217 is an RTD analog input module for NI CompactDAQ and CompactRIO systems.
The NI 9217 features four channels and 24 bits of resolution for PT100 RTD measurements.
The NI 9217, compatible with 3- and 4-wire BTD measurements, automatically detects the
type of EID (3- or 4-wire) connected to the channel and configures each channel for the
approprizte mode. The module provides 1 mA of current excitation per channel and has less
than a 1 *C accuracy error over its entire operating temperature range. NI provides calibration

services for the NI 9217
_
N Kit Contents - Nie2i7
nl = Ml 8217 Getting Started Guide
| L7 d
% Arccecoores - NI 2020 Backshell Connector Kit
l = M| 9875 Screw-Terminal Block
o
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NI LabVIEW Real-Time Module

Ly # *  Design deterministic real-time applications with LabVIEW
:'L':::""" ' graphical programming
= — »  Download to dedicated NI or third-party hardware for reliable
R execution and a wide selection of IO
= © =  Take advantage of built-in PID control, signal processing, and
analysis functions
*  Auntomatically take advantage of multicore CPUs or set
processor affinity manually
= Take advantage of real-time OS, development and debugging
support, and board support
= Purchase individually or as part of a LabVIEW suite
Input Circuitry
s l’{ Ewtaon |
i \¥/ Current !
4-Wire EX & i
HTD+ & 1‘;_ Lo
i ittera !
| 3-wire & 4wire | | Amplifior < ADC i
ATD- & Detection & . !
! Compensation i
COM &
LV !

_________________________________________________

= RTD channels share a common ground that is isolated from other modules mn the system.

= Each RTD channel is filtered and then sampled by a 24-bit analog-to-digital converter

(ADC).

NI 9217 Specifications

The following specifications are typical for the range 40 °C to 70 °C unless otherwise noted.
All specifications given in "C are specific to 100 Q platinum RTDs.

f Caution Do not operate the NI 9217 in a manner not specified in this document.

Product misuse can result in a hazard. You can compromise the safety protection
built into the product if the product is damaged in any way. If the product is

damaged, refurn it to NI for repair.

4 | nicom | NI9217 Datashest
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Input Characteristics

Number of channels

ADC resolution

Type of ADC

Sampling mode

Measurement range
Temperature
Resistance

Common-mode range
COM-to-earth ground
Channel-to-COM

Conversion fime
High-resolution mode

High-speed mode

4 analog input channels

24 bits

Delta-sigma

Scamned

-200 °C to 850 °C

0Qt04000

+£250 Vims

50 mV

200 ms per channel, 800 ms total for all

channels

2.5 ms per channel. 10 ms total for all channels

Temperature accuracy (including noise)’, 4-wire mode

Measured Value

Typical (25 °C)

Maximum (-40 to 70 °C)

-200*C to 150 °C

0.15°C

035°C

150 °C to 850 °C

0.20°C

1.0°C

Temperature accuracy (including noise)!, 3-wire mode

Measured Value

Typical (25 °C)

Maximum (-40 to 70 °C)

=200 °C to 150 °C 0.20=C 0.50=C
150 °Cto 850 °C 0.30=C 1.0°C
Noise
High-resolution mode 0.003 =C
High-speed mode 0.02 °C

1 For high-speed mode, add a 0.1 °C emor

NI 8217 Datashest | © National Instruments | &5
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Excitation current 1 mA per channel
Noise rejection
MNormal mode (50/60 Hz)
High-resolution mode 85 dB mininmm
High-speed mode None
Common-mode rejection, channel to earth ground (50/60 Hz)
High-resolution mode 170 dB minimum
High-speed mode 155 dB
Input bandwidth (high-resolution mode) 33Hz

High-resolution filter response?,

g & &b by

Marmal Mode Rejection (d8)

i L T[] ‘II Ilu]
—120 i i L II
"
140 | .l ||4 |. i
o &0 120 180 240

Differential Input
Signal Frequency (Hz)

Overvoltage protection
MTBF

=30 V between mputs
801_507 hours at 25 °C; Bellcore Issue 2.
Method 1, Case 3, Limited Part Stress Method
Power Requirements
Power consumption from chassis
Active mode
Sleep mode

350 mW maximum

1 mW maxinmm

2 This image is provided courtesy of Linear Technology Corp.

3 High-speed filter response has the same characteristics as the high-resolution filter response except
that the first notch is at 14 kHz.

6 | nicom | NIS21T Datashest
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Thermal dissipation (at 70 *C)
Active mode
Sleep mode

Physical Characteristics
Screw-terminal wiring
Gauge

Wire strip length

Temperature rating
Torque for screw terminals

Wires per screw terminal

Fermules

Connector securement
Securement type
Torque for screw flanges

Safety
Safety Voltages

350 mW maximum

1 mW maxinmm

0.05 mm* to 1.5 mm? (30 AWG to 14 AWG)
copper conductor wire

6 mm (0.24 in ) of insulation stripped from the
end

90 *C mininmim

02N mto025N m(1951b-in to
2211b-mn)

One wire per screw terminal; two wires per
screw terminal using a 2-wire fermle

0.25 mm? to 1.5 mm?

Screw flanges provided
02N -m(1801b-in)

Connect only voltages that are within the following limits.

Maximum Voltage

Connect only voltages that are within the following limits *

All terminals-to-COM

Isolation Voltages
Channel-to-channel

30V

MNone

* The maximum voltage that can be applied between any channel or Vsup termunal and a COM
terminal without damaging the module or other devices.

NI 8217 Datashest | © National Instruments | 7
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Channel-to-earth ground

Confinuous
up to 2,000 m 250 Vrms, Measurement Category 11
up to 5,000 m 60 VDC, Measurement Category 1
Withstand
up to 2,000 m 2,300 Vrms, verified by a 5 s dielectric
withstand test
up to 5,000 m 1,000 Vrms, verified by a 5 s dielectric
withstand test

Measurement Category IT is for measurements performed on circuits directly connected to the
electrical distribution system. This category refers to local-level electrical distnibution, such as
that provided by a standard wall outlet, for example, 115 V for 1.5, or 230 'V for Europe.

Mote DMeasurement Categories CAT I and CAT O are equivalent. These test and
measurement circuits are not intended for direct comnection to the MATNS building
installations of Measurement Categories CAT IT, CAT TIT, or CAT IV.

E Caution Do not connect the NI 9217 to signals or use for measurements within
Measurement Categonies III or IV.

Hazardous Locations

U.S. (UL) Class I, Division 2, Groups A, B, C, D, T4;
Class [, Zone 2, AFx nA IIC T4
Canada (C-TUL) Class I, Division 2, Groups A, B, C, D, T4;

Class I Zone 2. Ex nA IIC T4
Furope (ATEX) and Intemnational (ECEx)  FxnA IIC T4 Ge

Safety and Hazardous Locations Standards

This product is designed to meet the requirements of the following electrical equipment safety
standards for measurement, control, and laboratory use:

= IEC61010-1, EN 61010-1

= UL 61010-1, CSA 61010-1

= EN60079-0:2012, EN 60079-15:2010

= IEC60079-0: Ed 6. IEC 60072-15: Ed 4

= UL 60079-0; Ed 5, UL 60079-15; Ed 3

= CSA60079-0:2011, CSA 60079-15:2012

ﬁ Mote For UL and other safety cerfifications, refer to the product label or the Online
FProduct Certification section.

8 | nicom | NIS217 Datashest
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Electromagnetic Compatibility

This product meets the requirements of the following EMC standards for electrical equipment
for measurement, control, and laboratory use:

EN 61326-1 (IEC 61326-1): Class A emissions; Industrial immumty

EN 55011 (CISPE 11): Group 1, Class A emissions

CE. C-Tick ICES, and FCC Part 15; Class A emissions

a MNote For EMC declarations and certifications. and additional information, refer to
the Omline Product Certification section.

CE Compliance ( E

This product meets the essential requirements of applicable European Directives, as follows:
2014/353/EU; Low-Voltage Directive (safety)

= 2014/30/EU; Electromagnetic Compatibility Directive (EMC)

= O4/0/EC; Potentially Explosive Atmospheres (ATEX)

Online Product Certification

Refer fo the product Declaration of Conformity (DoC’) for additional regulatory compliance
information. To obtain product certifications and the DoC for this product, visit ni com/
certificarion, search by model mumber or product line, and click the appropriate link in the
Certification columm.

Shock and Vibration

To meet these specifications, you must panel mount the system.

Operating vibration
Random (IEC 60068-2-64) 5 Bome. 10 Hz to 500 Hz
Sinusoidal (IEC 60068-2-6) 5g 10Hz to 500 Hz
Operating shock (IEC 60068-2-27) 30 g, 11 ms half sine; 50 g, 3 ms half sine;

18 shocks at & onientations

Environmental
Refer to the manual for the chassis vou are using for more information about meeting these

specifications.

Orperating temperature -40°C 10 70 °C
(IEC 60068-2-1, IEC 60068-2-2)

Storage temperature -40°Cto 85°C

(IEC 60068-2-1, IEC 60068-2-2)

NI 9217 Datashest | © National Instruments | 9
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Ingress protection IP 40

{with power plug attached)

Operating humidity (IEC 60068-2-78) 10% FH to 90% RH. noncondensing
Storage hunudity (IEC 60068-2-78) 5% RH to 95% FH. noncondensing
Pollution Degree 2

Maximum altifude 5,000 m

Indoor use only.

Environmental Management

NI is committed to designing and manufactuning products in an environmentally responsible
manner. NI recognizes that eliminating certain hazardous substances from our products is
beneficial to the environment and to NI customers.

For addifional environmental information refer to the Minimize Our Environmental Impact
web page at ni com/environment. This page contains the environmental regulations and
directives with which NI complies, as well as other environmental information not included in
this document.

Waste Electrical and Electronic Equipment (WEEE)

- EU Customers At the end of the product life cycle. all NI products nst be
- disposed of according to local laws and regulations. For more information about
how to recycle NI products in your region, visit #i. com/environment weee.

BT ERTmisREHEEME (FE RoHS)

@ HE®EFA National Instruments 15 [8 85 2 7 dn o B B ) L 24
ffi i 4 (RoHS) . 3T National Instruments 1 [§] RoHS S HIfE{HE, #EF®
ni.com/environment/rohs china. (For information about China RoHS
compliance, go to ni . com/environment/ r-:hs_china_}

Calibration

You can obtain the calibration certificate and information about calibration services for the
NI 9217 at ni.com/calibration.

Calibration interval 1 vear

10 | nicom | NI 9217 Datashest
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Hardware Manual - Operation Instructions, Safety Guidelines and Specifications

SEA 9741

3G/GPS Communication Module for CompactRIO™

Part No.: 60000066

Doc. No.:
HB/SEA 9741 Hardware Manual/2.0/Nov-2016

S-€-8 Scdence & Engineering
5 5

ieations Datentechnik

Prerequisites

The SEA 9741 module is shipped with the following accessory:

+  Printed 'Hardware Manual - Operation Instructions, Safety
Guidelines and Specifications'

In order to operate the module further components are required (not
shipped with the module):

*  Power cable for external power supply, order no.: 61000011,
mandatory for operation

*  Ethernet bridge cable, order no.: 61000051, mandatory for ope-
ration

+  Software driver
Can be downloaded from the support area on http:/ /www.sea-
gmbh.com.

+  CompactRIO system from National Instruments
+  Power supply with 7 to 30VDCand 2 A

*  GSM antenna
Is required to use the GSM related features. Matching GSM an-
tennas can be purchased separately from S.E.A. Please refer to
our web shop.

Hardware Manual 1 L)

258



Appendix J: Data sheet

Connecting SEA 9741
.

The SEA 9741 module provides sockets for
one GPS (3) and one GSM antenna (s), one
Ethernet port (7), a reset switch (6), a con-
nector for an external GPS receiver (4) and a
connector for an external power supply (2).
Four LEDs (1) show the current state of the
module, refer to Fig. Front side on the right.

)=

| 0) }

!
\

(=~

On the back side of the module there is a SIM
card slot and a micro SD card slot, refer to
Fig. Insert SIM on page 17. The micro SD card
slot is designated for special purposes and
shall not be used for regular operation. 5

Finally, on the side with the imprint a set of
DIP switches is available. With these switches &,
the behaviour of the module can be con- '
trolled, refer to Fig. DIP Switches on page 18.

Only one SEA 9741 module can be op- \ ?
erated within a single CompactRIO

system. It is not possible to operate

more than one SEA 9741 module in-

side a single CompactRIO system.

—
=R
0
- @
L

Fig. 1: Front side

~

Hardware Manual 13 L)
SFA

Power Requirements®

Operating_ Voltage VDC 7to 30
Typical 12

Operating Current
Typical 173
Peak mA 245

Sleep Mode 2

Physical Characteristics

Weight g ca. 200

Dimensions mm B8ox23x88

Environmental Conditions

Operating Temperature °C -30 to +70

Storage Temperature °C -40 to +85

Ingress Protection® IP 30

Operating humidity %> 10 to 9o

2 The exact power consumption is dependant on the active communication standard as well
as the antenna and reception quality.

1 with connected power cable

2 RH, noncondensing

-~

Hardware Manual 27 L)
SFA
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Aosong Electronics Co.,Ltd

Your specialist in innovating midity & temperature ;e:.:c:F

Digital-output relative humidity & temperature sensor/module

DHT22 (DHT22 also named as AM2302)

Capacitive-type humidity and temperature module/sensor
1
Thomas Liu (Business Manager)

Email: thomasliul98518@yahoo.com.cn
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Aosong Electronics Co.,Ltd

Your specialist in innovating mudity & temperature sensors

1. Feature & Application:

* Full range temperature compensated * Relative humidify and temperature measurement
* Calibrated digital signal *Outstanding long-term stability *Extra components not needed

* Long transmission distance * Low power consumption *4 pins packaged and fully interchangeable

2. Description:

DHT22 output calibrated digital signal It utilizes exclusive digital-signal-collecting-technique and humidity
sensing technology, assuring its reliability and stability Its sensing elements is connected with 8-bit single-chip
computer.

Every sensor of this model is temperature compensated and calibrated in accurate calibration chamber and the
calibration-coefficient is saved in type of programme in OTP memory, when the sensor is detecting, it will cite
coefficient from memory.

Small size & low consumption & long transmission distance(20m) enable DHT22 to be suited in all kinds of
harsh application occasions.

Single-row packaged with four pins, making the connection very convenient.

3. Technical Specification:

Model DHT22

Power supply 3.3-6VDC

Output signal digital signal via single-bus

Sensing element Polvmer capacitor

Operating range humidity 0-100%RH; temperature -40~-80Celsius
Accuracy humidity +-2%RH(Max +5%RH). temperature <+-0_5Celsius
Eesolution or sensitivity | humidity 0.1%EH: temperature 0.1Celsius
Repeatability humidity +-1%RH; temperature +-0.2Celsius
Humudity hysteresis +-0.3%RH

Long-term Stability +-0.5%RH/vyear

Sensing period Average: 25

Interchangeability fully interchangeable

Dimensions small size 14*18%5. 5mm; big size 22¥28*5mm

4, Dimensions: (unit-—mm)

1) Small size dimensions: (unit—-mm)

Thomas Lin (Business Manager)

Email: thomasliul98518@vahoo.com.cn
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HP Remote Terminal Unit

Front Panel

File Edit View Project Operate Tools Window Help
@ & Il |24ptApplication Font ~ | v fov # »| Search

Remote_unit_1.lvproj/RT Target| «
.
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Block Diagram
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YVersion 1.0 Data Sheet

Description:

The remote unit (NCEM_Smart .z :.0) for structural hezlth monitoring system has been developed to
aoquire rezl time mezsurements of criticz]l perameters of structures operating at remote locations. It
hzs multiple channels of Temperstire, Humidity, Cotrosion and Strzin sensers, to monitor the
variztion m mechanical and chemical propertiss of metal structures subjected to met=orolegical
factors. The data can be observed at base station for further anzlysis. The duration for the reception of
datz packets can be adjusted zccordmg to requirsments. It has stzms LED s to mdicate the proper
functionimg of device and battery life. The SIN card with sms package and batteries (9V) are required
to operate the device.

Specifications:
Sr. No Sensor Type Channels Technical detail
1. Strain 4 Grid Resistance = 350.0= 0.2%, Gage factor={~1.2=0.3)
1. Humidity 4 Acenracy = +-2%FEH{Max +-5%ERH), Sensitivity=10.1%FH
3. Temparatura 4 Acenracy =<+ 3°C, Sensitivity= 0.1°C
4, Linsar Polarization Resistor 4 Avwailsbla om (http:/www. anslatem com prodect:-LPR_itmT)
System Model:

L e
I
Y
~
T Bz Statian
LS
-\'.
HEEM_Senart -
-H"'.
—
Mokile Application
Develnpedbysy rHonCorr Enegry Modelliing Researd Cener | Bovrnemaouth Uiniver
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Arduino Code for NCEM_Smartv1.0

/* NCEM Smart version 1.0

*

Structural Health Monitoring system
Features...

TMP and Humidity sensor

LPR sensors

Strain sensors

battery check

status leds

rtc alarm

*/

// Data packet {humid temp lpr time date}
// code word {X2YZ}and {TD}
// With RTC..

//Librarie

#include <Wire.h>

#include <RTClibExtended.h>
#include <LowPower.h>
#include <dht.h>

dht DHT;

RTC DS3231 RTC; //we are using the DS3231 RTC

[/======—=== Input Parameters-——-—————-———-—————--————— o=
//char Code Word[4] = "X2YZ"; // TD for TIme

#define Code Word "X2YZ"

//#define BS Number "07459444370"

//#define BS Number "07404940521" // myRen
#define BS Number "07466533214" // MyRio
//#define BS Number "07404673762" // myRich
//#define BS Number "07479944463"

unsigned int No LPR Snsr = 2;
unsigned int No Strain Snsr = 1;
unsigned int No humid Snsr = 2;
unsigned int No_ temp Snsr = 2;
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unsigned

unsigned
unsigned
unsigned

unsigned
unsigned
unsigned

#define
#define
#define
#define

#define
#define
#define
#define

float hu
float te

#define
#define
#define
#define
#define

int Min Interval = 1; /// Enter packet Rx duration
int Crnt Sec = 0; // Enter the current time
int Crnt Min = 55;
int Crnt Hr = 23;
int Crnt yr = 18;
int Crnt Mth = 02;
int Crnt Day = 14;
————————— Status LED's—-—-——--——————-————————————————————
wakePin 2
Green LED 23 // Module working fine
Red LED 24 // Something Might be faulty
Yellow LED 25 // Transmission in prgress

Temp Humi
Temp Humi

Temp Humid 3

Temp Humi

mid[6];
mp[6];

A0
Al
A2
A3
A4

LPR 1
LPR 2
LPR 3
LPR 4
LPR 5

d 1
d 2

d_4

o U1 W

// DHT 22 (AM2302) -
// DHT 22 (AM2302) -
// DHT 22 (AM2302) -
// DHT 22 (AM2302) -

//Stores humidity value

float volt LPR[6];

#define
#define
#define
#define
#define

Strain 1
Strain 2
Strain 3
Strain 4
Strain 5

Ab
AT
A8
A9
Al0

//Stores temperature value
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float volt Strain[6];

#define
#define
#define
#define

#define
#define

int rp = 0;
int byt cnt

bool Valid

//
Resp;

Battery 1 AlZ2
Battery 2 Al3
Battery 3 Al4
Battery 4 AlS

Relay 1 31
Relay 2 32

Global varialbles
remove when rtc

bool startup = true;

//uintl6 t y now, m now , d now , hh now , mm now , Ss now;
DateTime Time now;

unsigned int Alarm Min

byte AlarmFlag =
byte ledStatus =

bool state

1;

0;
1;

unsigned long lastInterrupt;

char Ok Resp[6] Ox4F

.OK..

= { 0x0D , O0x0Aa,

void wakeUp ()
{

if (millis() - lastInterrupt > 40)
window for any glitch
{
Serial.write ("Enter wakeupp");
lastInterrupt millis();

void setup () {

// initialize both serial ports:
Serial.begin (9600); // for debugging

, O0x4B , 0x0D , O0xO0A}; //

// here the interrupt is handled after wakeup

// we set a 40ms no-interrupts
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Seriall.begin (9600); // for GSM

pinMode (Relay 1, OUTPUT); //Set Pinl2 as output
pinMode (Relay 2, OUTPUT); //Set Pinl2 as output

// Initialize pins for battery check
pinMode (Battery 1, INPUT);

pinMode (Battery 2, INPUT);
pinMode (Battery 3, INPUT);
pinMode (Battery 4, INPUT)

’

digitalWrite(Relay 1, LOW); //Turn on relay
digitalWrite (Relay 2, LOW); //Turn on relay

init LED Pins();

init LPR Strain BtryChck Pins();
delay(100); // Imp

Ping GSM() ;

Init RTC Clock();

digitalWrite (Relay 1, HIGH); //Turn off relay
digitalWrite (Relay 2, HIGH); //Turn off relay

void loop () {

//while(rp <= 3) // remove when rtc...

A

//rp = rp + 1;

//attachInterrupt (0, wakeUp, LOW); remove once program tested

if (AlarmFlag == ) {

// while (AlarmFlag == ) A

attachInterrupt (0, wakeUp, LOW); //use
interrupt 0 (pin 2) and run function wakeUp when pin 2 gets LOW

// digitalWrite (RedLed, LOW) ;
//switch-off the led for indicating that we enter the sleep mode

ledStatus = 0; //set
the led status accordingly

Serial.write("---Enter Sleep Mode :");

delay (200) ;

LowPower.powerDown (SLEEP FOREVER, ADC OFF, BOD OFF) ;

//arduino enters sleep mode here
detachInterrupt (0) ;
//execution resumes from here after wake-up

digitalWrite (Relay 1, LOW); //Turn on relay
digitalWrite (Relay 2, LOW); //Turn on relay
Read Temp Humid() ;
Read LPR pins();
Read Strain pins();
Send DatPacket () ;
digitalWrite(Relay 1, HIGH); //Turn off relay
digitalWrite (Relay 2, HIGH); //Turn off relay
RTC.clearAlarm(l) ;

269



Appendix N: Arduino code

Alarm Min = Alarm Min + Min Interval ;
if ( Alarm Min >= 60 ) // adjust next hour.. // if
> 60 )
{
Alarm Min = Alarm Min - 60;

}

RTC.setAlarm (ALM1 MATCH MINUTES, 0, Alarm Min, 0, 0);

RTC.alarmInterrupt(l, true);
}

}

void init LED Pins ()
{
// initialize digital pin LED BUILTIN as an output
pinMode (Green LED, OUTPUT) ;
pinMode (Red LED, OUTPUT) ;
pinMode (Yellow LED, OUTPUT);
}

void init LPR_Strain BtryChck Pins|()
{
// Initialize pins for LPR sensors
pinMode (LPR_1, INPUT);
pinMode (LPR_2, INPUT);
pinMode (LPR_3, INPUT);
( )
( )

’

pinMode (LPR_4, INPUT
pinMode (LPR_5, INPUT

14

’

pinMode (Strain 1, INPUT)

pinMode (Strain 2, INPUT);

pinMode (Strain 3, INPUT);
( )
( )

’

pinMode (Strain 4, INPUT
pinMode (Strain 5, INPUT

’

pinMode (Battery 1, INPUT)
pinMode (Battery 2, INPUT)
pinMode (Battery 3, INPUT);
pinMode (Battery 4, INPUT)

}

void Ping GSM()
{

( Alarm Min

Serial.write ("Flush Buffer"); // remove any prior data on port

while (Seriall.available())
{

Serial.write(Seriall.read()):

}

// delay(1000) ;

Serial.write ("Sending ATEO Command");
Seriall.write ("ATEO\r\n");

Valid Resp = Rx Check Response();
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Print Validation();

Serial.write ("Sending AT Command") ;
Seriall.write ("AT\r\n");

Valid Resp = Rx Check Response();
Print Validation();

Serial.write ("Sending AT+CMGS Command") ;
Seriall.write ("AT+CMGF=1\r\n");

Valid Resp = Rx Check Response();
Print Validation();

// Starup Succesfull Signal
if ( startup == true) {
digitalWrite (Green LED, HIGH); // Turn Green LED
}
else {
digitalWrite (Red LED, HIGH);
}

void Tnit RTC Clock ()
{

//Initialize communication with the clock
Wire.begin () ;

RTC.begin () ;
RTC.adjust (DateTime (Crnt_yr, Crnt Mth, Crnt Day , Crnt Hr,
Crnt Min, Crnt Sec)); //set RIC date and time to COMPILE time

(uintlé_t year, uint8 t month, uint8 t day, uint8 t hour, uint8 t
min, uint8 t sec)

//clear any pending alarms
RTC.armAlarm(l, false);
RTC.clearAlarm (1) ;
RTC.alarmInterrupt (1, false);
RTC.armAlarm (2, false);
RTC.clearAlarm(2) ;
RTC.alarmInterrupt (2, false);

//Set SQW pin to OFF (in my case it was set by default to 1Hz)
//The output of the DS3231 INT pin is connected to this pin
//It must be connected to arduino D2 pin for wake-up
RTC.writeSgwPinMode (DS3231 OFF) ;

Alarm Min = Crnt Min + Min Interval;

if ( Alarm Min >= 60) // adjust next hour
{

Alarm Min = Crnt Min + Min Interval - 60;

}

RTC.setAlarm (ALM1 MATCH MINUTES, 0, Alarm Min, 0, 0);
// RTC.setAlarm (ALMZ_MATCH_MINUTES, 0,49, 12, 30);
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RTC.alarmInterrupt (1, true);

void Read Temp Humid ()
{

Serial.write ("Reading temp");

)/ ——mm Temperature and Huumidty Sensors
DHT.read22 (Temp Humid 1);

humid[0] = DHT.humidity;

temp[0] = DHT.temperature;

DHT.read22 (Temp Humid 2);
humid[1] = DHT.humidity;
temp[l] = DHT.temperature;

DHT.read22 (Temp Humid 3);
humid[2] = DHT.humidity;
temp[2] = DHT.temperature;

DHT.read22 (Temp Humid 4);
humid[3] = DHT.humidity;
temp[3] = DHT.temperature;

// DHT.read22 (Temp Humid 5);
// humid[4] = DHT.humidity;
// temp[4] = DHT.temperature;

void Read LPR pins ()
{

e R R Linear Polarisation
resistance

int sensorValue 1 = analogRead(LPR 1);

volt LPR[0] = sensorValue 1 * (5 / 1023.0); // Convert the analog

reading (which goes from 0 - 1023) to a voltage (0 - 5V)

int sensorValue 2 = analogRead(LPR 2);
volt LPR[1] = sensorValue 2 * (5 / 1023.0);
int sensorValue 3 = analogRead(LPR 3);
volt LPR[2] = sensorValue 3 * (5 / 1023.0);
int sensorValue 4 = analogRead(LPR 4);
volt LPR[3] = sensorValue 4 * (5 / 1023.0);
int sensorValue 5 = analogRead(LPR _5);
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volt LPR[4] = sensorValue 5 * (5 / 1

void Read Strain pins ()

{

int sensor S Value 1 = analogRead (St

volt Strain[0] = sensor S Value 1 *
analog reading (which goes from 0 - 10
int sensor S Value 2 = analogRead(St
volt Strain[l] = sensor S Value 2 *

int sensor S Value 3 = analogRead (St
volt Strain[2] = sensor S Value 3 *

int sensor S Value 4 = analogRead(St
volt Strain[3] = sensor S Value 4 *

int sensor S Value 5 = analogRead(St
volt Strain[4] = sensor S Value 5 *

void Send DatPacket ()
{

Serial.write ("Check");

Serial.write ("Sending SMS Command") ;
Seriall.write ("AT+CMGS=\"");
Seriall.write (BS Number) ;
Seriall.write ("\"\r\n");
delay(3000); // imp may vary...

//
while (Seriall.available())
{
int inByte = Seriall.read();
Serial.write (inByte);
delay (100) ;
}

for (int s = 0; s < No_temp Snsr ; s

023.0);

Strain sensor measurments

rain 1);

(5 / 1023.0);
23) to a voltage (0 - 5V)
rain 2);

(5 / 1023.0);

rain 3);
(5 / 1023.0);

rain 4);
(5 / 1023.0);

rain 5);
(5 / 1023.0);

Send Data packet

++)

// Convert the
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Seriall.write (Code Word) ;
Seriall.print (temp([s]);

for (int ¢ = 0; c < No _LPR Snsr ; c++)
{
Seriall.write (Code Word) ;
Seriall.print (volt LPR([c]);
}

for (int s = 0; s < No_humid Snsr ; s++)
{
Seriall.write (Code Word);
Seriall.print (humid([s]) ;
}

for (int s = 0; s < No_Strain Snsr ; s++)
{
Seriall.write (Code Word) ;
Seriall.print(volt Strain([s]);

}

Seriall.write (Code Word) ;
Time now = RTC.now();

Seriall.write ("TD");

Seriall.print (Time now.hour());
Seriall.write(":");
Seriall.print(Time now.minute());
Seriall.write(":");
Seriall.print(Time now.second());

Seriall.write ("GG") ;
Seriall.print(Time now.day());
Seriall.write("/");
Seriall.print (Time now.month());
Seriall.write("/");
Seriall.print(Time now.year());
Seriall.write ("TD");

Seriall.write(Code Word); //End of packet

delay (1000); // imp
Seriall.write ("\x1A");

Serial.write("SMS Sent------ ")
delay (4000); // very important delay

Valid Resp = Rx Check Response();
//byt _cnt = 0;
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Print Validation();

// Functions starts from here..........uuiieeeenn.

bool Rx Check Response ()
{

delay (2000) ;

char Rx Resp[30];

while (Seriall.available())

{
int inByte = Seriall.read();
Serial.write (inByte);

// Serial.print (inByte);
Rx Resp[byt cnt] = inByte;
byt cnt++;
delay(100);

}

int max byt cnt = byt cnt - 1;
Serial.write("----byt cnt rcvd---");

Serial.print (max byt cnt);
Serial.print (byt cnt - 1);

bool Check = true;
for (int 3 =5, i =0; j > 0, i <=5 ; j=-—, i++)
{
if (Rx_Resp[max byt cnt - i] == Ok _Resp[]j]) //invert....
{
// Serial.write (" Matched ");
}
else
{
Serial.write("----Not Matched---");

Serial.write (Rx Resp[max byt cnt - i]);
Serial.write (Ok Respl[j]);
Check = false;

}
byt cnt = 0;

max byt cnt = 0;
//Rx_Resp[] = NULL;

if (Check == true) return true;
else return false;
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}

void Print Validation ()

{

if (Valid Resp == true) {
Serial.write(" /Valid Response/ ");
digitalWrite (26, HIGH):; // turn the LED on (HIGH is the
voltage level)
delay (1000) ; // wait for a second
digitalWrite (26, LOW); // turn the LED off by making the

voltage LOW
}

else {
startup = false; Serial.write(" -NOT Valid Response-_ ");
digitalWrite (Red LED, HIGH); // turn the LED on (HIGH is the

voltage level)

}

void Check Batteries ()
{

// read the input on analog pin O:

int sensorValue = analogRead(AlDS);

// Convert the analog reading (which goes from 0 - 1023) to a
voltage (0 - 50V):

float voltage = sensorValue * (5.0 / 1024.0) * 10;

if (voltage < 6 )
{
digitalWrite (Red LED, HIGH); // turn the LED on (HIGH is the
voltage level)
delay (500);
digitalWrite (Red LED, LOW);
delay (500);
digitalWrite (Red LED, HIGH);
}

sensorValue = analogRead (Al4);

// Convert the analog reading (which goes from 0 - 1023) to a
voltage (0 - 50V):

voltage = sensorValue * (5.0 / 1024.0) * 10;

if (voltage < 6 )
{
digitalWrite (Red LED, HIGH); // turn the LED on (HIGH is the
voltage level)
delay (500) ;
digitalWrite (Red LED, LOW);
delay (500) ;
digitalWrite (Red LED, HIGH);
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sensorValue = analogRead (Al3);

// Convert the analog reading (which goes from 0 - 1023) to a
voltage (0 - 50V):

voltage = sensorValue * (5.0 / 1024.0) * 10;

if (voltage < 6 )
{
digitalWrite (Red LED, HIGH); // turn the LED on (HIGH is the
voltage level)
delay (500) ;
digitalWrite (Red LED, LOW);
delay (500) ;
digitalWrite (Red LED, HIGH);
}

sensorValue = analogRead (Al2);

// Convert the analog reading (which goes from 0 - 1023) to a
voltage (0 - 50V):

voltage = sensorValue * (5.0 / 1024.0) * 10;

if (voltage < 6 )
{
digitalWrite (Red LED, HIGH); // turn the LED on (HIGH is the
voltage level)
delay (500) ;
digitalWrite (Red LED, LOW);
delay (500) ;
digitalWrite (Red LED, HIGH);
}

DHT_22 Library

//

// FILE: dht.cpp

// AUTHOR: Rob Tillaart

// VERSION: ©0.1.18

// PURPOSE: DHT Temperature & Humidity Sensor library for Arduino

// URL: http://arduino.cc/playground/Main/DHTLib
//

// inspired by DHT11 library

//

// Released to the public domain

//

#include "dht.h"

LIT7TTTTTT 777777777777 7777777777777177777777177177
//
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// PUBLIC
//

int dht::read11(uint8_t pin)
{

// READ VALUES

int result = _readSensor(pin, DHTLIB_DHT11_WAKEUP,
DHTLIB_DHT11_LEADING_ZEROS);

// these bits are always zero, masking them reduces errors.
bits[@] &= Ox3F;
bits[2] &= Ox3F;

// CONVERT AND STORE
humidity = bits[@]; // bits[1]
temperature = bits[2]; // bits[3] ==

// TEST CHECKSUM

// bits[1] && bits[3] both ©
uint8 t sum = bits[@] + bits[2];
if (bits[4] != sum)

{
return DHTLIB_ERROR_CHECKSUM;
}
return result;
}
int dht::read(uint8_t pin)
{
// READ VALUES
int result = _readSensor(pin, DHTLIB_DHT_WAKEUP, DHTLIB_DHT_LEADING_ZEROS);
// these bits are always zero, masking them reduces errors.
bits[0] &= 0x03;
bits[2] &= 0x83;
// CONVERT AND STORE
humidity = word(bits[@], bits[1]) * ©.1;
temperature = word(bits[2] & Ox7F, bits[3]) * 0.1;
if (bits[2] & ©x80) // negative temperature
{
temperature = -temperature;
}
// TEST CHECKSUM
uint8 t sum = bits[@] + bits[1] + bits[2] + bits[3];
if (bits[4] != sum)
return DHTLIB_ERROR_CHECKSUM;
}
return result;
}
[I1177777777777077177777777777777777777177777717711717
//
// PRIVATE
//

int dht::_readSensor(uint8_t pin, uint8_t wakeupDelay, uint8_t leadingZeroBits)

{
// INIT BUFFERVAR TO RECEIVE DATA

278



Appendix N: Arduino code

uint8_t mask = 128;
uint8_t idx = 0;

uint8_t data = ©;

uint8_t state = LOW;

uint8_t pstate = LOW;

uintl6_t zeroLoop = DHTLIB_TIMEOUT;
uintl6_t delta = 0;

leadingZeroBits = 40 - leadingZeroBits; // reverse counting...

// replace digitalRead() with Direct Port Reads.

// reduces footprint ~100 bytes => portability issue?
// direct port read is about 3x faster

uint8_t bit = digitalPinToBitMask(pin);

uint8_t port = digitalPinToPort(pin);

volatile uint8_t *PIR = portInputRegister(port);

// REQUEST SAMPLE

pinMode(pin, OUTPUT);
digitalWrite(pin, LOW); // T-be
delay(wakeupDelay);
digitalWrite(pin, HIGH); // T-go
pinMode(pin, INPUT);

uintl6_t loopCount = DHTLIB_TIMEOUT * 2; // 200uSec max
// while(digitalRead(pin) == HIGH)
while ((*PIR & bit) != LOW )

if (--loopCount == @) return DHTLIB_ERROR_CONNECT;
}

// GET ACKNOWLEDGE or TIMEOUT
loopCount = DHTLIB_TIMEOUT;

// while(digitalRead(pin) == LOW)
while ((*PIR & bit) == LOW ) // T-rel
{

}

loopCount = DHTLIB_TIMEOUT;
// while(digitalRead(pin) == HIGH)
while ((*PIR & bit) != LOW ) // T-reh

if (--loopCount == @) return DHTLIB_ERROR_ACK_L;

if (--loopCount == @) return DHTLIB_ERROR_ACK_H;
}

loopCount = DHTLIB_TIMEOUT;

// READ THE OUTPUT - 40 BITS => 5 BYTES
for (uint8_t i = 40; i !'=0; )

{
// WAIT FOR FALLING EDGE
state = (*PIR & bit);
if (state == LOW && pstate != LOW)
{
if (i > leadingZeroBits) // DHT22 first 6 bits are all zero !
DHT11 only 1

{

zeroLoop = min(zeroLoop, loopCount);
delta = (DHTLIB_TIMEOUT - zeroLoop)/4;
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}

}

}

else if ( loopCount <= (zeroLoop - delta) ) // long -> one

{
}

mask >>= 1;
if (mask == @) // next byte
{

data |= mask;

mask = 128;
bits[idx] = data;
idx++;
data = 0;

}

// next bit

__i;

// reset timeout flag
loopCount = DHTLIB_TIMEOUT;

pstate = state;
// Check timeout
if (--loopCount == 9)

{
}

return DHTLIB_ERROR_TIMEOUT;

pinMode(pin, OUTPUT);
digitalWrite(pin, HIGH);

return DHTLIB_OK;

}
/7

// END OF FILE

//

Real Time Clock Library

// Code by JeelLabs http://news.jeelabs.org/code/

// Released to the public domain! Enjoy!

#include <Wire.h>

#include

"RTClibExtended.h"

#ifdef __ AVR__

#include <avr/pgmspace.h>
#telif defined(ESP8266)

#include <pgmspace.h>

#elif defined(ARDUINO_ARCH_SAMD)
// nothing special needed

#elif defined(ARDUINO_SAM_DUE)
#tdefine PROGMEM

#tdefine pgm_read_byte(addr) (*(const unsigned char *)(addr))

#tdefine Wire Wirel

#tendif
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#if (ARDUINO >= 100)

#include <Arduino.h> // capital A so it 1is error prone on case-sensitive
filesystems

// Macro to deal with the difference in I2C write functions from old and new
Arduino versions.

#tdefine _I2C_WRITE write

#define _I2C_READ read
#else

#include <WProgram.h>

#define _I2C_WRITE send

#tdefine _I2C_READ receive
#endif

static uint8_t read_i2c_register(uint8_t addr, uint8_t reg) {
Wire.beginTransmission(addr);
Wire._I2C_WRITE((byte)reg);
Wire.endTransmission();

Wire.requestFrom(addr, (byte)l);
return Wire._I2C_READ();

}

static void write_i2c_register(uint8_t addr, uint8_t reg, uint8_t val) {
Wire.beginTransmission(addr);
Wire. I2C_WRITE((byte)reg);
Wire._I2C_WRITE((byte)val);
Wire.endTransmission();

}
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// utility code, some of this could be exposed in the DateTime API if needed

const uint8_t daysInMonth [] PROGMEM = { 31,28,31,30,31,30,31,31,30,31,30,31 };

// number of days since 2000/01/01, valid for 2001..2099
static uintl6_t date2days(uintlée_t y, uint8_t m, uint8_t d) {
if (y >= 2000)
y -= 2000;
uintl6_t days = d;
for (uint8_t i = 1; i < m; ++i)
days += pgm_read_byte(daysInMonth + i - 1);
if (m>28&8 y % 4 ==0)
++days;
return days + 365 * y + (y + 3) / 4 - 1;
}

static long time2long(uintl6_t days, uint8_t h, uint8_ t m, uint8_t s) {
return ((days * 24L + h) * 60 + m) * 60 + s;
}
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// DateTime implementation - ignores time zones and DST changes
// NOTE: also ignores leap seconds, see http://en.wikipedia.org/wiki/Leap_second

DateTime: :DateTime (uint32_t t) {
t -= SECONDS_FROM_1970_TO_2000; // bring to 2000 timestamp from 1970

ss =t % 60;
t /= 60;
mm =t % 60;
t /= 60;
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hh = t % 24;

uintl6_t days = t / 24;

uint8_t leap;

for (yoff = 0; ; ++yoff) {
leap = yOoff % 4 == 0;
if (days < 365 + leap)

break;

days -= 365 + leap;

for (m = 1; ; ++m) {

uint8 t daysPerMonth = pgm_read_byte(daysInMonth + m - 1);

if (leap && m == 2)
++daysPerMonth;
if (days < daysPerMonth)
break;
days -= daysPerMonth;
}
d = days + 1;
}

DateTime::DateTime (uintl6_t year, uint8_t month,
uint8_t min, uint8_t sec) {
if (year >= 2000)
year -= 2000;

yoff = year;
m = month;

d = day;

hh = hour;
mm = min;

Ss = sec;

}

DateTime::DateTime (const DateTime& copy):
yOff (copy.yOoff),
m(copy.m),
d(copy.d),
hh(copy.hh),
mm(copy.mm),
ss(copy.ss)

{}

static uint8_t conv2d(const char* p) {
uint8_t v = 0;
if ('0' <= *p && *p <= '9")
v =>p - '9';
return 10 * v + *++p - '0";

}

uint8_t day,

// A convenient constructor for using "the compiler's time":

//  DateTime now (__DATE__, _ TIME_ );

uint8_t hour,

// NOTE: using F() would further reduce the RAM footprint, see below.
DateTime: :DateTime (const char* date, const char* time) {
// sample input: date = "Dec 26 2009", time = "12:34:56"

yoff = conv2d(date + 9);

// Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

switch (date[@]) {

case 'J': m = date[1] == 'a' ? 1 : m = date[2] == 'n" ?
case 'F': m = 2; break;

case 'A': m = date[2] == 'r' ? 4 : 8; break;

case 'M': m = date[2] == 'r' ? 3 : 5; break;

case 'S': m = 9; break;

6 :

7; break;
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case '0': m = 10; break;
case 'N': m = 11; break;
case 'D': m = 12; break;

}

d = conv2d(date + 4);

hh = conv2d(time);
mm = conv2d(time + 3);
ss = conv2d(time + 6);

}

// A convenient constructor for using "the compiler's time":
// This version will save RAM by using PROGMEM to store it by using the F macro.
// DateTime now (F(__DATE_ ), F(__TIME_));

DateTime: :DateTime (const __ FlashStringHelper* date,

time) {

const

// sample input: date = "Dec 26 2009", time = "12:34:56"

char buff[11];
memcpy_P(buff, date, 11);
yoff = conv2d(buff + 9);

// Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

switch (buff[@]) {

case 'J': m = buff[1] == 'a
case 'F': m = 2; break;
case 'A': m = buff[2] == 'r'
case 'M': m = buff[2] == "'
case 'S': m = 9; break;
case '0': m = 10; break;
case 'N': m = 11; break;
case 'D': m = 12; break;

}

d = conv2d(buff + 4);

memcpy_P(buff, time, 8);

hh = conv2d(buff);
mm = conv2d(buff + 3);
ss = conv2d(buff + 6);

}

"?21 :m= buff[2] == 'n" ?
? 4 : 8; break;
' ? 3 : 5; break;

uint8_t DateTime::dayOfTheWeek() const {
uintl6_t day = date2days(yoff, m, d);
return (day + 6) % 7; // Jan 1, 2000 is a Saturday, i.e. returns 6

}

uint32_t DateTime::unixtime(void) const {

uint32_t t;

uintl6_t days = date2days(yOoff, m, d);

t = time2long(days, hh, mm, ss);
t += SECONDS_FROM 1970 TO_2000;

return t;

}

// seconds from 1970 to 2000

long DateTime::secondstime(void) const {

long t;

uintle_t days = date2days(yOff, m, d);

t = time2long(days, hh, mm, ss);
return t;

}

DateTime DateTime::operator+(const TimeSpan& span) {
return DateTime(unixtime()+span.totalseconds());

}

6 :

7; break;

__FlashStringHelper*
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DateTime DateTime: :operator-(const TimeSpan& span) {
return DateTime(unixtime()-span.totalseconds());

}

TimeSpan DateTime::operator-(const DateTime& right) {
return TimeSpan(unixtime()-right.unixtime());

}
IITTTTLTTTTTT P70 0777777707777 7770777777777777777777777777777711777777717177777

// TimeSpan implementation

TimeSpan::TimeSpan (int32_t seconds):
_seconds(seconds)

1}

TimeSpan: :TimeSpan (intl6_t days, int8_t hours, int8_t minutes, int8 t seconds):
_seconds((int32_t)days*86400L + (int32_t)hours*3600 + (int32_t)minutes*60 +
seconds)

{}

TimeSpan::TimeSpan (const TimeSpan& copy):
_seconds(copy._seconds)

1}

TimeSpan TimeSpan::operator+(const TimeSpan& right) {
return TimeSpan(_seconds+right._seconds);

}

TimeSpan TimeSpan::operator-(const TimeSpan& right) {
return TimeSpan(_seconds-right._seconds);

}
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// RTC_DS1307 implementation

static uint8_t bcd2bin (uint8_t val) { return val - 6 * (val >> 4); }
static uint8_t bin2bcd (uint8_t val) { return val + 6 * (val / 10); }

boolean RTC_DS1307::begin(void) {
Wire.begin();
return true;

}

uint8_t RTC_DS1307::isrunning(void) {
Wire.beginTransmission(DS1307_ADDRESS);
Wire. I2C_WRITE((byte)o);
Wire.endTransmission();

Wire.requestFrom(DS1307_ADDRESS, 1);
uint8_t ss = Wire._I2C_READ();
return ! (ss>>7);

}

void RTC_DS1307::adjust(const DateTime& dt) {
Wire.beginTransmission(DS1307_ADDRESS);
Wire._I2C_WRITE((byte)@); // start at location @
Wire. I2C WRITE(bin2bcd(dt.second()));
Wire._ I2C_WRITE(bin2bcd(dt.minute()));
Wire._I2C_WRITE(bin2bcd(dt.hour()));
Wire. I2C_WRITE(bin2bcd(0));

284



Appendix N: Arduino code

Wire. I2C_WRITE(bin2bcd(dt.day()));

Wire. I2C_WRITE(bin2bcd(dt.month()));

Wire. I2C_WRITE(bin2bcd(dt.year() - 2000));
Wire.endTransmission();

}

DateTime RTC_DS1307::now() {
Wire.beginTransmission(DS1307_ADDRESS);
Wire. I2C_WRITE((byte)o);
Wire.endTransmission();

Wire.requestFrom(DS1307_ADDRESS, 7);

uint8_t ss = bcd2bin(Wire._I2C_READ() & Ox7F);
uint8_t mm = bcd2bin(Wire._ I2C_READ());
uint8_t hh = bcd2bin(Wire._I2C_READ());

Wire. I2C_READ();

uint8_t d = bcd2bin(Wire._I2C_READ());

uint8_t m = bcd2bin(Wire._I2C_READ());
uintl6_t y = bcd2bin(Wire._I2C_READ()) + 2000;

return DateTime (y, m, d, hh, mm, ss);

}

Ds1307SqwPinMode RTC_DS1307::readSqwPinMode() {
int mode;

Wire.beginTransmission(DS1307_ADDRESS);
Wire. I2C_WRITE(DS1307_CONTROL);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS1307_ADDRESS, (uint8_t)1);
mode = Wire._I2C_READ();

mode &= ©Ox93;
return static_cast<Ds1307SqwPinMode>(mode);

}

void RTC_DS1307::writeSqwPinMode(Ds1307SqwPinMode mode) {
Wire.beginTransmission(DS1307_ADDRESS);
Wire. I2C_WRITE(DS1307_CONTROL);
Wire._I2C_WRITE(mode);
Wire.endTransmission();

}

void RTC_DS1307::readnvram(uint8_t* buf, uint8_t size, uint8_t address) {
int addrByte = DS1307_NVRAM + address;
Wire.beginTransmission(DS1307_ADDRESS);
Wire._I2C_WRITE(addrByte);
Wire.endTransmission();

Wire.requestFrom((uint8_t) DS1307_ADDRESS, size);

for (uint8_t pos = 0; pos < size; ++pos) {
buf[pos] = Wire._I2C_READ();

}

}

void RTC_DS1307::writenvram(uint8_t address, uint8_ t* buf, uint8_t size) {
int addrByte = DS1307_NVRAM + address;
Wire.beginTransmission(DS1307_ADDRESS);
Wire. I2C_WRITE(addrByte);
for (uint8_t pos = 0; pos < size; ++pos) {
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Wire._I2C_WRITE(buf[pos]);
}

Wire.endTransmission();

}

uint8 t RTC_DS1307::readnvram(uint8_t address) {
uint8_t data;
readnvram(&data, 1, address);
return data;

}

void RTC_DS1307::writenvram(uint8_t address, uint8_t data) {
writenvram(address, &data, 1);

}
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// RTC_Millis implementation

long RTC_Millis::offset = 0;

void RTC_Millis::adjust(const DateTime& dt) {
offset = dt.unixtime() - millis() / 1000;
}

DateTime RTC_Millis::now() {
return (uint32_t)(offset + millis() / 1000);

}
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// RTC_PCF8563 implementation

boolean RTC_PCF8523::begin(void) {
Wire.begin();
return true;

}

boolean RTC_PCF8523::initialized(void) {
Wire.beginTransmission(PCF8523_ ADDRESS);
Wire. I2C_WRITE((byte)PCF8523 CONTROL 3);
Wire.endTransmission();

Wire.requestFrom(PCF8523_ADDRESS, 1);
uint8_t ss = Wire._I2C_READ();
return ((ss & OxE@) != OxEQ);

}

void RTC_PCF8523::adjust(const DateTime& dt) {
Wire.beginTransmission(PCF8523_ADDRESS);
Wire._I2C_WRITE((byte)3); // start at location 3
Wire. I2C WRITE(bin2bcd(dt.second()));
Wire._ I2C_WRITE(bin2bcd(dt.minute()));
Wire._I2C_WRITE(bin2bcd(dt.hour()));
Wire._I2C_WRITE(bin2bcd(dt.day()));
Wire._ I2C_WRITE(bin2bcd(®)); // skip weekdays
Wire._I2C_WRITE(bin2bcd(dt.month()));
Wire. I2C WRITE(bin2bcd(dt.year() - 2000));
Wire.endTransmission();

// set to battery switchover mode
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Wire.beginTransmission(PCF8523_ADDRESS);
Wire. I2C_WRITE((byte)PCF8523 CONTROL_3);
Wire. I2C_WRITE((byte)oxe00);
Wire.endTransmission();

}

DateTime RTC_PCF8523::now() {
Wire.beginTransmission(PCF8523_ADDRESS);
Wire. I2C_WRITE((byte)3);
Wire.endTransmission();

Wire.requestFrom(PCF8523 ADDRESS, 7);

uint8_t ss = bcd2bin(Wire._I2C_READ() & Ox7F);
uint8_t mm = bcd2bin(Wire._ I2C_READ());
uint8_t hh = bcd2bin(Wire._I2C_READ());
uint8_t d = bcd2bin(Wire._I2C_READ());
Wire._I2C_READ(); // skip 'weekdays'

uint8_t m = bcd2bin(Wire._I2C_READ());
uintl6_t y = bcd2bin(Wire._I2C_READ()) + 2000;

return DateTime (y, m, d, hh, mm, ss);

}

Pcf8523SqwPinMode RTC_PCF8523::readSqwPinMode() {
int mode;

Wire.beginTransmission(PCF8523_ADDRESS);
Wire. I2C_WRITE(PCF8523_ CLKOUTCONTROL);
Wire.endTransmission();

Wire.requestFrom((uint8_t)PCF8523_ ADDRESS, (uint8_t)1);
mode = Wire._I2C_READ();

mode >>= 3;

mode &= Ox7;

return static_cast<Pcf8523SqwPinMode>(mode);
}

void RTC_PCF8523: :writeSqwPinMode (Pcf8523SqwPinMode mode) {
Wire.beginTransmission(PCF8523_ADDRESS);
Wire. I2C_WRITE(PCF8523 CLKOUTCONTROL);
Wire._I2C_WRITE(mode << 3);
Wire.endTransmission();

}

[I1717777777777777777777777777777777777777777777777777777777777777777777717771717
// RTC_DS3231 implementation

boolean RTC_DS3231::begin(void) {
Wire.begin();
return true;

}

bool RTC_DS3231::lostPower(void) {
return (read_i2c_register(DS3231_ADDRESS, DS3231 STATUSREG) >> 7);

}

void RTC_DS3231::adjust(const DateTime& dt) {
Wire.beginTransmission(DS3231_ADDRESS);
Wire._I2C_WRITE((byte)@); // start at location ©
Wire._I2C_WRITE(bin2bcd(dt.second()));
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Wire._I2C_WRITE(bin2bcd(dt.minute()));
Wire. I2C_WRITE(bin2bcd(dt.hour()));

Wire. I2C_WRITE(bin2bcd(0));

Wire. I2C_WRITE(bin2bcd(dt.day()));

Wire. I2C_WRITE(bin2bcd(dt.month()));

Wire. I2C_WRITE(bin2bcd(dt.year() - 2000));
Wire.endTransmission();

uint8_t statreg = read_i2c_register(DS3231_ADDRESS, DS3231 STATUSREG);
statreg &= ~0x80; // flip OSF bit
write_i2c_register(DS3231_ADDRESS, DS3231 STATUSREG, statreg);

}

DateTime RTC_DS3231::now() {
Wire.beginTransmission(DS3231_ADDRESS);
Wire. I2C_WRITE((byte)o);
Wire.endTransmission();

Wire.requestFrom(DS3231_ADDRESS, 7);

uint8_t ss = bcd2bin(Wire._I2C_READ() & Ox7F);
uint8_t mm = bcd2bin(Wire._I2C_READ());
uint8_t hh = bcd2bin(Wire._I2C_READ());

Wire. I2C_READ();

uint8_t d = bcd2bin(Wire._I2C_READ());

uint8_t m = bcd2bin(Wire._I2C_READ());
uint16_t y = bcd2bin(Wire._I2C_READ()) + 2000;

return DateTime (y, m, d, hh, mm, ss);

}

Ds3231SqwPinMode RTC_DS3231::readSqwPinMode() {
int mode;

Wire.beginTransmission(DS3231_ADDRESS);
Wire. I2C_WRITE(DS3231_CONTROL);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)1);
mode = Wire._TI2C_READ();

mode &= 0x93;
return static_cast<Ds3231SqwPinMode>(mode);

}

void RTC_DS3231::writeSqwPinMode(Ds3231SqwPinMode mode) {
uint8_t ctrl;
ctrl = read_i2c_register(DS3231_ADDRESS, DS3231_CONTROL);

ctrl &= ~0x04; // turn off INTCON
ctrl &= ~0x18; // set freq bits to ©

if (mode == DS3231_OFF) {
ctrl |= @x04; // turn on INTCN
} else {
ctrl |= mode;
¥
write_i2c_register(DS3231_ADDRESS, DS3231_CONTROL, ctrl);

//Serial.println( read_i2c_register(DS3231_ADDRESS, DS3231 CONTROL), HEX);
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float RTC_DS3231::getTemp() {

}

int8_t temp_msb, temp_lsb;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_TEMP);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)2);
temp_msb = Wire._I2C_READ();

temp_lsb = (Wire._I2C_READ() >> 6) & 0x03;
Wire.endTransmission();

if(temp_msb & 0b10000000) { //check if negative number
temp_msb 7= 0b11111111;
temp_msb += 0x1;
return (-1.0 * ((float)temp_msb) + ((float)temp_lsb * 0.25));
}
else {
return ((float)temp_msb + ((float)temp_lsb * 0.25));
}

* Enable or disable an alarm "interrupt" which asserts the INT pin *
* on the RTC. *

void RTC_DS3231::alarmInterrupt(byte alarmNumber, bool interruptEnabled)

{

uint8_t controlReg, mask;

Wire.beginTransmission(DS3231_ADDRESS);

Wire.write(DS3231_CONTROL);

controlReg = Wire.endTransmission();

if (!controlReg) {
Wire.requestFrom((uint8_t)DS3231_ ADDRESS, (uint8_t)1);
controlReg = Wire._I2C_READ();
Wire.endTransmission();

}

mask = _BV(A1IE) << (alarmNumber - 1);
if (interruptEnabled)

controlReg |= mask;
else

controlReg &= ~mask;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_CONTROL);
Wire.write(controlReg);
Wire.endTransmission();

Set an alarm time. Sets the alarm registers only. To cause the

INT pin to be asserted on alarm match, use alarmInterrupt().

This method can set either Alarm 1 or Alarm 2, depending on the
value of alarmType (use a value from the ALARM_TYPES_t enumeration).
When setting Alarm 2, the seconds value must be supplied but is
ignored, recommend using zero. (Alarm 2 has no seconds register.)

* ¥ X ¥ ¥ ¥
* ¥ ¥ X ¥ ¥
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void RTC_DS3231::setAlarm(Ds3231_ALARM_TYPES_t alarmType, byte seconds,
minutes, byte hours, byte daydate){
uint8_t addr;
byte alarmNumber;
seconds = bin2bcd(seconds);
minutes = bin2bcd(minutes);
hours = bin2bcd(hours);
daydate = bin2bcd(daydate);
if (alarmType & @x01) seconds |= BV(AIM1);
if (alarmType & ©x02) minutes |= BV(AIM2);
if (alarmType & @x04) hours |= _BV(A1M3);
if (alarmType & ©x10) hours |= _BV(DYDT);
if (alarmType & @x08) daydate |= _BV(A1M4);
if ( !(alarmType & 0x80) ) { //alarm 1
alarmNumber = 1;
addr = ALM1_SECONDS;
Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(addr++);
Wire.write(seconds);
Wire.endTransmission();
}
else {
alarmNumber = 2;
addr = ALM2_MINUTES; //alarm 2
}
Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(addr++);
Wire.write(minutes);
Wire.endTransmission();
Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(addr++);
Wire.write(hours);
Wire.endTransmission();
Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(addr++);
Wire.write(daydate);
Wire.endTransmission();
armAlarm(alarmNumber, true);
clearAlarm(alarmNumber);

}

/* ______________________________________________________________________ *
* Set an alarm time. Sets the alarm registers only. To cause the *
* INT pin to be asserted on alarm match, use alarmInterrupt(). *
* This method can set either Alarm 1 or Alarm 2, depending on the *
* value of alarmType (use a value from the ALARM_TYPES_t enumeration). *
* However, when using this method to set Alarm 1, the seconds value *
* is set to zero. (Alarm 2 has no seconds register.) *
K o o o o e o e e e e e e e e e e e e e e e — E — — — — — — — — — — — — — — — — — — m—m—m e m e ——————— */

void RTC_DS3231::setAlarm(Ds3231_ALARM _TYPES_ t alarmType, byte minutes,

hours, byte daydate) {
setAlarm(alarmType, ©, minutes, hours, daydate);

}

byte

byte
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* This method arms or disarms Alarm 1 or Alarm 2, depending on the

* value of alarmNumber (1 or 2) and arm (true or false).

void RTC_DS3231::armAlarm(byte alarmNumber, bool armed) {

* This method clears the status register of Alarm 1 or Alarm 2,

uint8_t value, mask;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_CONTROL);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)1);
value = Wire._ I2C_READ();
Wire.endTransmission();

mask = _BV(alarmNumber - 1);
if (armed) {

value |= mask;
}
else {

value &= ~mask;
}

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_CONTROL);
Wire.write(value);
Wire.endTransmission();

* depending on the value of alarmNumber (1 or 2).

void RTC_DS3231::clearAlarm(byte alarmNumber) {

uint8_t value, mask;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_STATUSREG);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)1);
value = Wire._I2C_READ();
Wire.endTransmission();

mask = _BV(alarmNumber - 1);
value &= ~mask;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_STATUSREG);
Wire.write(value);
Wire.endTransmission();

* This method can check either Alarm 1 or Alarm 2, depending on the

* value of alarmNumber (1 or 2).

bool RTC_DS3231::isArmed(byte alarmNumber) {

uint8_t value;

Wire.beginTransmission(DS3231_ADDRESS);
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Wire.write(DS3231_CONTROL);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)1);
value = Wire._I2C_READ();
Wire.endTransmission();

if (alarmNumber == 1) {
value &= 0b00000OO1;

}

else {
value &= 0b00000O10;
value >>= 1;

}

return value;

* This method writes a single byte in RTC memory
* Valid address range is 0x00 - 0x12, no checking.

void RTC_DS3231::write(byte addr, byte value) {

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(addr);

Wire.write(value);
Wire.endTransmission();

* This method reads a single byte from RTC memory
* Valid address range is 0x00 - 0x12, no checking.

byte RTC_DS3231::read(byte addr) {
uint8_t value;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(addr);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)1);
value = Wire._I2C_READ();
Wire.endTransmission();

return value;

* The temperature registers are updated after every 64-second
* conversion. If you want force temperature conversion call this
* function.

void RTC_DS3231::forceConversion(void) {
uint8_t value;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_CONTROL);

Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231 ADDRESS, (uint8 t)1);
value = Wire._I2C_READ();
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Wire.endTransmission();
value |= 0b00100000;

Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_CONTROL);
Wire.write(value);
Wire.endTransmission();

do {
Wire.beginTransmission(DS3231_ADDRESS);
Wire.write(DS3231_CONTROL);
Wire.endTransmission();

Wire.requestFrom((uint8_t)DS3231_ADDRESS, (uint8_t)1);
value = Wire._I2C_READ();
Wire.endTransmission();

} while ((value & 0b00100000) != 0);
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