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Abstract 12 

This paper presents the effects of three major parameters; temperature, relative humidity and hygroscopic salts 13 
contaminants on the atmospheric corrosion of large steel structures. The effects of these three parameters have 14 
been analysed by using micro-sized LPR sensors to continuously monitor the corrosion rate of a degrading large 15 
structure under varying parameters. A long term, three years study was performed by deploying 𝜇 LPRs on 16 
strategically selected large military vehicles (main battlefield tanks), which are stationed in the Tank Museum at 17 
Bovington, UK. These vehicles are operational and are of historic significance with cultural biography, however 18 
structural deterioration through corrosion, corrosion fatigue, stress corrosion cracking and mechanical failures 19 
are a threat to these vehicles in terms of their conservation. A set of vehicles operational (uncontrolled 20 
environment) and non-operational (controlled environment) was selected for comparative analysis in context of 21 
corrosion rate. This research is founded on a novel real-time corrosion monitoring technique that enables to 22 
better understand the relationship between varying environmental parameters and corrosion rate of large steel-23 
based mobile structures during operation. This research provides a synthesis of real time corrosion data, which 24 
has been accumulated over a period of three years. An overview of structural deterioration is presented and 25 
derived from a significantly large data, therefore it provides a more reliable and highly accurate assessment of 26 
failures due to corrosion.  27 
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1. Introduction 5 

The most important factor in atmospheric corrosion is moisture, either in the form of high relative humidity 6 
(RH) or condensate on the surface of metal substrate. The maximum amount of moisture the atmosphere can 7 
hold increases as the temperature increases [1]. When the atmosphere cannot hold all the moisture, then it 8 
condenses forming a thin electrolytic layer on steel substrate. This thin layer along with pre-existing corrosive 9 
contaminants deposits on the surface of steel such as hygroscopic salts forming a high alkaline electrolytic 10 
solution which accelerates the corrosion rate [2]. While thin film is almost invisible, the corrosive contaminants 11 
it contains are known to reach relatively high concentration, especially under operating conditions of structures 12 
(such as vehicles) in outdoor open atmosphere and places near to coastal regions.  13 

When steel surfaces become contaminated their surface can be wetted at lower relative humidity therefore, 14 
reducing the critical relative humidity of steel. The critical relative humidity of steel is a variable term that 15 
depends on the nature of the corroding material, the atmospheric temperature, the atmospheric contaminants and 16 
the tendency of surface contaminants to absorb moisture. For example the critical relative humidity of steel is in 17 
the region of 60 - 65% if the surface is contaminated with particles of sodium chloride, or ammonium sulphate, 18 
or if the atmosphere contains sulphur dioxide. However in the absence of strong electrolytes the critical relative 19 
humidity value of steel remains high such that in some cases, even at 100% relative humidity, the corrosion rate 20 
remains fairly low [3]. 21 

Lower critical humidity accounts for early initiation of corrosion at low relative humidity values due to high 22 
wettability rate of steel [4]. Therefore wettability of steel is an important parameter in deciding the corrosion 23 
rate. The wettability is measured in terms of time of wetness (TOW) [4] which is a complex parameter and in 24 
addition to critical relative humidity also depends on many other physical parameters such as type of surface, 25 
surface roughness, position and orientation of exposed surface and frequency of exposure. Therefore, 26 
undoubtedly it can be said that atmospheric corrosion rate of steel is a function of its compositional 27 
characteristics, relative humidity, temperature, hygroscopic salts contaminants, critical relative humidity of steel 28 
and TOW as shown in fig. 1. Understanding the comprehensive relationship between corrosion rate and these 29 
parameters is of vital importance for controlling the detoriation of steel based large structures. This research is 30 
an effort in understanding this complex relationship. 31 

In this paper, the study of the corrosion of large steel structures will revolve around the effects of three major 32 
parameters: temperature, relative humidity and contaminants. Although, significant in-situ laboratory analyses 33 
of corrosion degradation of steel already exists in literature but continuous real time corrosion monitoring of 34 
large steel-based operating structures corresponding to the above changing parameters is still an area which 35 
needs further research. This latest approach of continuous corrosion monitoring of structures by using high-tech 36 
micro-sized LPR sensors advantages in data/information collection and analysis based on ‘when and where 37 
needed’. Further it helps in analysing ‘not-easily-accessible sites’ on complex engineering structures. 38 

Previous investigation of coating failures, i.e. blistering, delamination, micro-cracks and corrosion damage 39 
measurement in real time has been reported [5-28]. This research focuses on analysing the corrosion failure of 40 
large military vehicles (battle tanks) corresponding to changing relative humidity, temperature and concentration 41 
of surface contaminants by using 𝜇 LPR sensors. These vehicles consisting of a fleet of three hundred battle 42 
tanks are situated at the Tank museum, Bovington UK. The vehicles are of historical importance however 43 
corrosion is one of the most significant contributors to the structural damage and material aging of these large 44 
vehicles. Therefore, corrosion monitoring technique was utilised to monitor the continuous degradation of 45 
vehicles. For this, two set of vehicles (operating and stationary) were selected for a long term experiment, 46 
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comprising of three years (Aug. 2013 to Aug. 2016) comparative analysis. A comparative study between the 1 
results of two set of vehicles was performed to understand the relationship of varying environmental parameters 2 
with the corrosion rate under the operational conditions. The experiment helped in understanding the prevailing 3 
mechanisms of failures due to corrosion with various types occurring in these vehicles identified.  4 

 5 

Figure 1. Figure showing that atmospheric corrosion rate of steel is a function of its compositional characteristics, relative 6 
humidity, temperature, hygroscopic salts contaminants, critical relative humidity of steel and TOW 7 

2. 𝜇 LPR  8 

LPR (Linear Polarization Resistance) monitoring is an effective electrochemical method of measuring corrosion. 9 
Monitoring the relationship between electrochemical potential and current generated between electrically 10 
charged electrodes in a process stream allows the calculation of the corrosion rate. This measurement of the 11 
actual corrosion rate allows almost instant feedback to operators [29].  12 

A two or three electrode probe is inserted into the process system, with the electrodes being electrically isolated 13 
from each other and the process line. A small potential in the range (in mV’s which does not affect the natural 14 
corrosion process), is applied between the elements and the resulting current is measured. The polarization 15 
resistance is the ratio of the applied potential and the resulting current level. The measured resistance is 16 
inversely related to the corrosion rate. The electrical resistance of any conductor is given by: R = V/ I. Where R 17 
= Effective instantaneous resistance V = Applied voltage and I = Instantaneous current between electrodes. If 18 
the electrodes are corroding at a high rate with the metal ions passing easily into solution, a small potential 19 
applied between the electrodes will produce a high current, and therefore a low polarization resistance. This 20 
corresponds to a high corrosion rate [29]. 21 

Recently, Analatom’s developed commercially available, 𝜇 LPR [30-36] is the micro-scaled small form factor 22 
of conventional LPR measurement setup [37, 38] which is designed to minimize the volume of 23 
an electrochemical corrosion monitoring setup as shown in fig. 2 (a). 𝜇 LPR sensor can be used for corrosion 24 
monitoring of variety of steel based industrial applications [36] to aluminium based aerospace applications [31].  25 

𝜇 LPR has dimensions 40 mm x 20 mm x 0.1 mm. The sensor consists of multiple plates made from the material 26 
of interest which form the two electrodes (counter and reference). The electrodes are used in conjunction with a 27 
potentiostat for conducting LPR measurements. The use of relatively large counter electrode minimizes 28 
polarization effects at the counter electrode to ensure that a stable reference potential is maintained throughout 29 
the experiments.  Potential step-sweeps are performed by applying a series of 30 steps over a range of ±10 mV 30 
spanning a period of 2.6 s [39]. 𝜇 LPR measures the polarization resistance Rp(Ω) between the corrosive agents 31 
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(electrolytic solution) and the steel substrate. The polarization resistance is then used to calculate the corrosion 1 
current density ‘i’ and subsequently corrosion rate of steel structure [40], 2 
 3 
The 𝜇 LPR is adhered to the conditioned face of the steel samples with industrial strength epoxy as shown in fig. 4 
2 (b). The sensor array includes at least two interlaced inert electrodes which are manufactured of a noble metal. 5 
The noble metal could be Au, Pt and Pd because of the low contact resistances. The noble metals are principally 6 
inert such that the sensor array does not readily corrode in typical ambient environments. 7 
 8 
The 𝜇 LPR is connected to data acquisition unit (DAQ) which is able to connect up to eight 𝜇 LPRs in addition 9 
to relative humidity and temperature sensors as shown in fig. 2 (c). The relative humidity and temperature 10 
sensors monitor the humidity and temperature levels corresponding to corrosion rate data samples. Salinity is 11 
measured by using the resistance (or conductivity) measured between the two interdigitated 𝜇 LPR electrodes by 12 
using method detailed in [41]. Data can be retrieved by using a RS232 wired interface. The software converts 13 
LPR and resistance data into a corrosion rate. This unit is internally powered by a 3.6 V lithium thionyl chloride 14 
cell battery, which provides monitoring lifetime of 5-7 years depending on duty cycle and temperature 15 
conditions. 16 

 17 

Figure 2. (a) Schematic of a 𝜇 LPR corrosion sensor  (b) installed on substrate and (c) a group of 4 𝜇 LPR sensors connected 18 
to DAQ  [41] 19 

3. Research Problems 20 

1) To understand complex relationship between the varying environmental parameters: temperature, relative 21 
humidity, hygroscopic salts contaminants and the corrosion rate of large steel based structures such that the 22 
structure is being operated under uncontrolled environmental conditions.   23 

2) The application of 𝜇 LPR based real-time corrosion monitoring technique for understanding the above 24 
complex relationship.  25 

20 mm 

Sensor Thickness = 0.1 mm 

Data Acquisition Unit (DAQ) 

Four 𝜇 LPR  

Sensors 

40 mm 
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4. Experiment 1 

4.1. Setup 2 

Two set of vehicles were used for experimental analysis, stationary set (fig. 3 (a)) and an operating set (fig. 3 3 
(b)) at the Tank museum. Operating set included a group of two vehicles in constant operation under 4 
uncontrolled environmental conditions while stationary set included another group of two vehicles permanently 5 
preserved inside the Tank Museum under controlled conditions. The two operating vehicles were operated at the 6 
same time and under the same uncontrolled environmental conditions. The reason for setting two vehicles in 7 
each set (operating and stationary) was to ensure the repeatability. A three years study (Aug. 2013 to Aug. 2016) 8 
was performed on these two set of vehicles. The study included the collection of data from 𝜇 LPR sensors, taken 9 
from both stationary and operating set. The operating set was used 8 times (known as operations A, B, C, D, E, 10 
F, G and H) in round trips (in-and-out) during three years. While the stationary set was preserved inside the 11 
museum. All eight operations were performed during the summer time in April, May and June of every year in 12 
sequence mentioned in Table 1. Operation A was performed in April 2014, operation B was performed in May 13 
2014. Similarly at the end of study, operation H was performed in May 2016.  14 
 15 
Each round trip (operation) of the operating set was for a duration of 5 days continuous exposure to outdoor 16 
conditions, meaning that these vehicles were fully operated outdoor during these five days and returned to the 17 
controlled environment (inside shed) at the end of fifth day. Every vehicle of the operating set was installed with 18 
eight µ LPR sensors. Similarly every vehicle of the stationary set was installed with eight µ LPR sensors. These 19 
sensors were installed for the duration of three years in order to constantly monitor corrosion rate for making 20 
comparative corrosion rate analysis of both the sets. All the sensors were connected to the corresponding ports 21 
of DAQ through wires as identified in fig. 4. The data sampling rate was set as one sample collection from all 22 
sensors after every 15 minutes. 23 
 24 

Table 1. Operations performed in various seasons 25 

Operations Annual Season 

A April 2014 

B May 2014 

C June 2014 

D April 2015 

E May 2015 

F June 2015 

G April 2016 

H May 2016 

 26 
The eight sensors were installed on exposed metal parts of vehicles i.e. bare steel. Six inside sensors, including 27 
µ LPR3 and µ LPR 4 were installed on uncoated parts of the gun barrel while other sensors µ LPR5, µ LPR6, µ 28 
LPR, 7 and µ LPR8 were installed on inner vertical walls of hull where coating has already delaminated due to 29 
corrosion, as can be seen in fig. 5. Similarly two outside sensors µ LPR1 and µ LPR2 were installed on 30 
delaminated area of turret top. Before installing sensors, the steel surface was pre-treated with the solution of 50 31 
g/L Turco 4215 NC-LT in order to remove any pre-existing contaminants. After cleaning, each sensor was 32 
installed. 33 
 34 
Both the operating and stationary sets of vehicles were made up of same material (steel AISI-1010) and had 35 
similar dimensions, both inside and outside. Both sets were painted at same time with same coating type and 36 
under same conditions. Inside the Tank museum (controlled environment), the temperature is kept between (18 - 37 
25°C) and RH maintained at 40% throughout the year. However, outside (uncontrolled environment) 38 
temperature can go as low as 0

o
C during winter and as high as 30

o
C during summer. Museum is located 39 

approximately 9km north of the Atlantic Ocean/English channel as shown in fig. 3 (c). There is significant 40 
precipitation in this area, where fog, rain, and/or snow are reported, on average, for 18 days of each month [42].  41 
 42 
 43 
 44 
 45 
 46 
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   1 

 2 

Figure 3. (a) A stationary large vehicle (preserved) from the stationary set (b) An operating large vehicle from the operating 3 
set (c) Location of the Tank Museum [43] 4 

   5 

     6 

Map data ©2016 Google 
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  1 

Figure 4. 𝜇 LPR sensors installed at various locations inside the tank. The last two images show the data acquisition unit 2 
(left) and PC connected to data acquisition unit to retrieve the data. 3 

 4 

 5 

DAQ 

Data Retrieval  
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 1 

Figure 5. Figures showing location of eight 𝜇 LPR corrosion sensors installed at various locations on each the large 2 
vehicle. 𝜇 LPR1 and 𝜇 LPR2 were installed on the turret top (Top figure); 𝜇 LPR3 and 𝜇 LPR4 were installed on the gun 3 
barrel (Middle figure); 𝜇 LPR5, 𝜇 LPR6, 𝜇 LPR7, 𝜇 LPR8 were installed inside the hull (Last figure). Images of battle tanks  4 
have been taken from [44] 5 

 6 

4.2. Experimental Results and Discussion 7 

In this section, the experimental results of three year long-term experimental analysis are presented. For 8 
simplicity and for the sake of discussion, the data from only one vehicle from each set has been presented. These 9 
two vehicles from each set are termed as ‘operating vehicle’ and ‘stationary vehicle’ respectively.  10 

4.2.1. Results from an operating vehicle 11 
 12 

A. Temperature, Relative Humidity and Salinity data  13 

Fig. 6 shows the time (at top) and data samples (at bottom) of the temperature, relative humidity and salinity 14 
from field exposure test of an operating vehicle measured at the Tank museum site for three years. A total of 15 
100,000 corrosion data points were collected for constant ~3 years/1000 days.  16 

In fig. 6, the spike A (along the green line) shows that the lowest temperature value (TL = 6
o
C) accounts for the 17 

highest relative humidity value (RHH = 81%) where ‘L’ and ‘H’ in subscript denote the lowest and highest 18 
values. Similarly all other temperature spikes and their corresponding humidity spikes show similar corelation 19 
and are denoted as B, C, D, E, F, G and H in figure. It should be noted that each spike represents the operation 20 
of vehicle (A to H) from controlled environment (inside shed) to uncontrolled environment (outside shed) for 21 
example during operation A (along green line), when the vehicle was operated from controlled to uncontrolled 22 
environment, the relative humidity increased from 30% to 81% due to corresponding decrease in controlled 23 
temperature from 21

o
C to 6

o
C.  24 

Correspondingly, during this operation A, the salinity value of condensate varied significantly as shown in the 25 
bottom graph of fig. 6. The operation of vehicle in uncontrolled environment resulted in the contamination of 26 
unprotected steel surface due to accumulation of hygroscopic salts. As the Tank Museum is located near coastal 27 
region, therefore each movement of vehicle from controlled to uncontrolled environment resulted in salts being 28 
accumulated on unprotected steel parts. When the vehicle is outside under uncontrolled conditions, the 29 
temperature is low while relative humidity is high which provides adequate electrolytic medium for the 30 
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formation of saline solution in the presence of hygroscopic salts which therefore results in high salinity. For 1 
example it can be seen along the green line that  during uncontrolled movement, as the temperature drops from 2 
21

o
C to 6

o
C and relative humidity increase from 30% to 81%, the corresponding salinity increases from 0 g/L to 3 

38 g/L. In the case when the vehicle returns back to controlled environment after a round trip, the accumulated 4 
salts settle down on the surface of steel after the evaporation of condensate. As the electrolyte evaporates 5 
leaving behind salts, the salinity level again drops back to zero. This accumulation of salts greatly reduces the 6 
critical relative humidity level of vehicle’s steel which means that steel can be wetted at lower relative humidity 7 
level resulting in early initiation of corrosion. The critical relative humidity is a threshold humidity value after 8 
which the metal begins to absorb moisture from the atmosphere and below which it does not absorb atmospheric 9 
moisture. Critical relative humidity is a function of vapour pressure, temperature and salinity unlike relative 10 
humidity which is only a function of vapour pressure and temperature such as, 11 

𝐂𝐫𝐢𝐭𝐢𝐜𝐚𝐥 𝐫𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝐡𝐮𝐦𝐢𝐝𝐢𝐭𝐲 (%) =  𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧 [𝐕𝐚𝐩𝐨𝐮𝐫 𝐩𝐫𝐞𝐬𝐬𝐮𝐫𝐞;  𝐓𝐞𝐦𝐩𝐞𝐫𝐚𝐭𝐮𝐫𝐞;  𝐒𝐚𝐥𝐢𝐧𝐢𝐭𝐲]  1 12 

In eq. 1, the salinity value of condensate decides the particular critical relative humidity point. For constant 13 
temperature and vapour pressure, higher condensate’s salinity accounts for lower critical relative humidity and 14 
vice versa.  15 

The wettability of steel due to lower critical relative humidity becomes a serious problem for operating vehicle 16 
because the vehicle is historic and paint is torn and worn at most of its steel parts exposing them to environment. 17 
The time period after which the relative humidity exceeds the critical relative humidity point for the formation 18 
of a surface layer of moisture on steel surface is called as Time of Wetness (TOW). This is a complex variable, 19 
since TOW includes many other physical parameters in addition to critical relative humidity as shown in eq. 2, 20 

TOW (hours)

=  function [critical relative humidity;  type of surface, surface roughness, position and orientation of exposed           

                                          𝐬𝐮𝐫𝐟𝐚𝐜𝐞;  𝐟𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲 𝐨𝐟 𝐨𝐩𝐞𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐯𝐞𝐡𝐢𝐜𝐥𝐞]   2 21 

The TOW of a corroding steel is a key parameter, directly determining the duration of the corrosion reactions 22 
because TOW decides the period for which the steel surface will remain wet for reactions. Therefore eq. 3 23 
shows that,   24 

𝐂𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 𝐫𝐚𝐭𝐞 (
𝐦𝐠

𝐜𝐦𝟐) =  𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧 [𝐓𝐢𝐦𝐞 𝐨𝐟 𝐖𝐞𝐭𝐧𝐞𝐬𝐬 (𝐓𝐎𝐖)]  3 25 

 26 
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Figure 6. Figure sshowing the data samples of the temperature, relative humidity and salinity in a field exposure test of an 1 
operating vehicle measured in the Tank museum site for three years 2 

B. Corrosion rate data 3 

The long-term three years atmospheric corrosion rate data corresponding to the changing temperature, relative 4 
humidity and condensate’s salinity is shown in fig. 7. Since the values of temperature, relative humidity and 5 
salinity in fig. 6 changed drastically due to operations A to H from controlled to uncontrolled environment over 6 
the three years duration, the corresponding corrosion rate also changed significantly which was monitored by 7 
eight µ LPR sensors.  8 

It can be seen from fig. 7 and fig. 8 (a) that during operation A of vehicle to uncontrolled environment, the 9 
corrosion rate of four µ LPR sensors (µ LPR1, 𝜇 LPR2, 𝜇 LPR3, 𝜇 LPR4) installed at various locations on 10 
vehicle detected corrosion corresponding to decrease in temperature, increase in relative humidity and increase 11 
in average salinity. The period during which sensors detected corrosion is highlighted with transparent ‘yellow’ 12 
colour in fig. 8 (a). It is during this period, when moisture condensed on unprotected steel forming high salinity 13 
thin electrolytic layer. It is worth noting that during operation A, the critical relative humidity level was low i.e. 14 
62%. This means that only 62% of relative humidity (much lower than 100%) was sufficient for condensation of 15 
moisture which initiated the surface corrosion detected by 𝜇 LPR sensors as shown in Table 1. Table 1 shows 16 
the type and number of sensors which detect corrosion. The reason for low critical relative humidity was already 17 
presence of hygroscopic salts on unprotected steel areas which resulted in early initiation of corrosion and high 18 
TOW. Pre-TOW is the time during which the metal is not sufficiently wet for the corrosion to start. However as 19 
soon as the metal attains a sufficient degree of wetness, at critical humidity point the corrosion initiates, as 20 
detected by µLPR sensors in fig. 8 (a).   21 

The graphs for corrosion rates during operation B is shown in fig. 8 (b). It can be seen that in addition to 𝜇 22 
LPR1, 𝜇 LPR2, 𝜇 LPR3 and 𝜇 LPR4 (in the case of operation A), now two more sensors µ LPR6 and µ LPR7 23 
installed inside at the hull walls, started to detect corrosion rate. As humidity exceeded the critical relative 24 
humidity level equal to 34%, corrosion rate for all sensors increased with subsequent decrease when humidity 25 
became less than critical relative humidity.  26 

Similar to operation A and B, the graphs of corrosion rates for further operations C, D, E, F, G and H during 27 
three years period are shown in Table 3 respectively. All eight operations follow similar correlation between 28 
corrosion rate, temperature, relative humidity and salinity as in case of A and B, therefore corresponding 29 
correlation for each operation C, D, E, F, G and H can be understood from the presented graphs in Table 3.  30 
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 1 

Figure 7. The long-term three years atmospheric corrosion rate data from operating vehicle corresponding to the change of 2 
temperature, relative humidity and condensate’s salinity 3 

 4 

Table 2. µ LPR corrosion Sensors which are detecting corrosion corresponding to each operation 5 

Operations µ LPR Corrosion Sensors Detecting 

Corrosion  

Number of µ LPRs 

Detecting Corrosion  

Operation A  µ LPR1, µ LPR2 (Horizontal Turret Top) 

 µ LPR3, µ LPR4 (Horizontal Gun Barrel) 

4 

Operation B  µ LPR1, µ LPR2 (Horizontal Turret Top) 

    µ LPR3, µ LPR4 (Horizontal Gun Barrel) 

 µ LPR6, µ LPR7      (Vertical Hull walls) 

6 

Operation C  µ LPR1, µ LPR2(Horizontal Turret Top) 

     µ LPR3, µ LPR4 (Horizontal Gun Barrel) 

 µ LPR6, µ LPR7     (Vertical Hull walls) 

6 

Operation D   µ LPR1             (Horizontal Turret Top) 

  µ LPR3             (Horizontal Gun Barrel) 

2 

Operation E   µ LPR1             (Horizontal Turret Top) 

   µ LPR3            (Horizontal Gun Barrel) 

2 

Operation F    µ LPR1            (Horizontal Turret Top) 

   µ LPR3            (Horizontal Gun Barrel) 

2 

Operation G    µ LPR3            (Horizontal Gun Barrel) 1 

Operation H    µ LPR1             (Horizontal Turret Top) 1 

 6 

A B C D 
E F G H 

Time (Days) 

3 years data 

RH 

Temp 

Salinity 

Corrosion Rates 

µ LPR 1 to 8 
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 6 

Figure 8. Graphical data for each opeartion shown in fig. 8(a) operation A (b) operation B 7 
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Critical value is important in a sense that it identifies the failing point. Here, critical relative humidity, critical 1 
temperature and TOW values for each operation are plotted in fig. 9. It can be seen that during the first 2 
operation A the critical relative humidity of steel is 62% and the corresponding critical temperature and TOW 3 
are 9

o
C and 72 hours respectively. After first outdoor round trip A, the steel surface becomes more 4 

contaminated, and therefore during operation B, the critical relative humidity becomes further low (34%) and 5 
the corresponding TOW (162.5 hours) become high. This means that the surface contaminants help in absorbing 6 
moisture from air which reduces the critical relative humidity level and sets a low threshold for the moisture to 7 
start forming on metal surface therefore increasing TOW. In the subsequent operation C, the metal surface has 8 
become even more contaminated which further reduces the critical relative humidity level to 20%. However, 9 
here an interesting point is that although the critical relative humidity has significantly decreased allowing the 10 
formation of moisture at reduced threshold point but this time TOW reduces (132 hours) rather than expected 11 
increase. The possible reason is that the metal surface has started developing a thin layer of corrosion product 12 
which hinders the fresh diffusing contaminants reaching the bare metal surface thus passivating the metal and 13 
reducing TOW. After operation C, all the parameters including critical relative humidity, critical temperature 14 
and TOW become stable with the formation of thick layer of corrosion product as can be seen from fig. 9. 15 

 16 

Figure 9. Figure showing the trends for critical relative humidity, critical temperature and TOW as a function of all 17 
operations starting from from the first operations A to the last operation  H 18 

The average corrosion rate for all eight sensors during each operation is plotted in fig. 10. As evident from eq. 3 19 
that the corrosion rate is a direct function of TOW, therefore it can be seen that initially during operation A 20 
corrosion rate is low (9.43 e-

04
 mg/cm

2
) because TOW is low i.e. 72 hours, as can be seen from fig. 9. However, 21 

with the increase in TOW to 162.5 hours, the average corrosion rate also increases (2.33 e-
03

 mg/cm
2
) during 22 

operation B. In the next operation C, the TOW reduces to 132 hours due to the formation of a thin layer of 23 
corrosion product which results in the decrease in average corrosion rate (8.56 e-

04
 mg/cm

2
). After operation C, 24 

the average corrosion rate for the rest of operations (D, E, F, G and H) becomes constant because of almost 25 
stable value of TOW (± 10 hours).  26 

Critical 

  RH 

Critical   

Temp 

TOW 
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 1 

Figure 10. The average corrosion rate for all eight 𝜇 LPR sensors during each operation 2 

For the purpose of repeatability, the three years atmospheric corrosion rate data of another operating vehicle in 3 
an operating set is shown in fig. 11. As the two operating vehicles in the operating set were operated at the same 4 
time and under the same environmental conditions therefore it can be seen that the overall trends for the 5 
corrosion rate from all the µ LPR sensors in operating vehicle 2 were almost similar to the other operating 6 
vehicle (discussed previously in fig. 7). It can be seen that initially during operation A, the corrosion rate is low 7 
which subsequently increases during operation B and then becomes constant for the rest of operations.  8 

 9 

Figure 11. The corrosion rate data for the operating vehicle 2. This vehicle was operated under the same environmental 10 
conditions and at the same time as other operating vehicle (discussed previously) in the operating set in order to ensure the 11 
repeatability. The results obtained from operating vehicle are almost similar to the other vehicle 12 

 13 
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4.2.2. Results from a stationary vehicle 1 

It can be seen from fig. 12 that during the three years of data collection from stationary vehicle, the eight µ LPR 2 
sensors installed at various locations on vehicle did not show any reading. The reason is that this vehicle was 3 
permanently preserved inside the museum, where no significant changes in temperature, relative humidity and 4 
salinity values were observed in the form of spikes (A to H), as in the case of operating vehicle. Although the 5 
normal RH and temperature inside the museum is maintained at 30% and 21

o
C, however in reality they both can 6 

incur a variation of ±20. It can be seen that maximum and minimum variation in relative humidity throughout 7 
three years inside the museum was between RHH = 47% and RHL = 17% respectively. Though, 47% relative 8 
humidity is high enough to initiate the corrosion at low critical relative humidity condition of steel, but as the 9 
vehicle was permanently preserved inside the museum, therefore no hygroscopic salt impurities were 10 
accumulated on its surface which resulted in high critical relative humidity, far greater than 47 % (close to or 11 
equal to 100 %). Due to this high critical relative humidity, no corrosion was observed throughout the three year 12 
of experimental study. Stationary vehicle 2 similar to the stationary vehicle 1 did not show any corrosion. 13 

 14 

 15 

Figure 12. The long-term three years atmospheric corrosion rate data from stationary (preserved) vehicle corresponding to 16 
the change of temperature, relative humidity and condensate’s salinity.  17 

5. Comparison between an operating and a stationary vehicle 18 

Following key parameters identify the main differences between an operating and a stationary vehicle in context 19 
of corrosion rate. 20 

 Spikes in graphs: Operating vehicle was subjected to uncontrolled environmental conditions by numerous 21 
operations outside the tank museum. These operations were observed as several ‘spikes’ A to H in relative 22 
humidity, temperature and salinity graphs as shown in fig. 7. Each spike represented the sudden change in 23 
the above three parameters due to movement from indoor controlled to outdoor uncontrolled conditions. 24 
However, in the case of stationary vehicle which was constantly preserved inside the Tank Museum, no 25 
spikes were observed at all, as per expectations. 26 
 27 

 Relative Humidity and Temperature: When the operating vehicle was operated from controlled to 28 
uncontrolled environment, the relative humidity increased due to corresponding decrease in controlled 29 
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temperature. This high relative humidity resulted in the formation of thin film of moisture on the surface of 1 
bare steel strictly considering the condition that relative humidity exceeded the critical relative humidity of 2 
steel. In the case of stationary vehicle this condition was never met. 3 

 4 
 Critical Relative Humidity of Steel and Salinity: As the operating vehicle made certain indoor and outdoor 5 

trips, it started accumulating environmental pollutants on its unprotected steel parts. The accumulation of 6 
these hygroscopic salts resulted in the lower critical relative humidity of steel. During the operation of 7 
vehicle in the coastal region near the Museum it was observed that the critical value had gone as low as 20 8 
%, due to high salinity value in addition to low temperature. Therefore when the vehicle was subjected to 9 
outdoor high relative humidity conditions, the corrosion started at early stage. In the case of stationary 10 
vehicle, there was no accumulation of hygroscopic salts on its unprotected parts and the corresponding 11 
critical relative humidity level of steel was high compared to the atmospheric relative humidity.  12 
 13 

 TOW: In the case of operating vehicle, the first operation A had a low value of TOW, because the critical 14 
relative humidity of steel was high due to no/or very less contamination of steel surface as shown in fig. 9. 15 
As a result, the average corrosion rate was low in this first operation A. However, further operations 16 
resulted in stable TOW and corrosion rate after their subsequent decrease. In the case of stationary vehicle, 17 
TOW did not occur, because relative humidity never exceeded the critical relative humidity of steel.  18 

6. Conclusions 19 

Following conclusions were made from the 3 years 𝜇 LPR based comparative analysis of two set of large 20 
vehicles (operating and stationary): 21 

1) The accumulation of hygroscopic salts contaminants on the exposed steel surface speeds-up the corrosion 22 
rate of steel under the low temperature and high relative humidity conditions. The exposed surface includes 23 
all those areas where coating has already delaminated. The corrosion in such delaminated areas accelerates 24 
the delamination rate leading to more area getting exposed until a complete coating failure has occurred. 25 
Therefore, to avoid coating failure as a result of corrosion it is better to treat such delaminated areas by 26 
proper repainting prior to exposure in uncontrolled environment. 27 
 28 

2) The hygroscopic salts accumulated on the bare steel also reduce the critical relative humidity of steel to a 29 
considerable low level. This lower level leads to the formation of thin electrolytic film on the steel surface 30 
even at a very low value of atmospheric relative humidity which in turn initiates the corrosion process at 31 
early stage. Therefore, to avoid such early initiation, it is better to keep the exposed steel areas clean, also 32 
those including the delaminated areas.  33 

 34 
3) The lower value of critical relative humidity of steel results in the larger TOW. This means that in such case 35 

the duration for which the steel surface will remain wet will increase providing more time for the corrosion 36 
reactions and hence resulting in large corrosion rate. Therefore, for ensuring the lower value of TOW, the 37 
steel surface in addition to cleaning factor must be applied with such organic compounds which can greatly 38 
reduce the wettability of steel surface.  39 

 40 
4) TOW is a complex parameter which in addition to critical relative humidity of steel also depends on other 41 

physical parameters such as surface roughness, surface defects, position and orientation of exposed steel 42 
surface. These physical factors play an essential role in determining the wettability aspect of steel. 43 
Therefore it is equally important to consider the effect of these parameters while dealing with the corrosion 44 
problem of large steel structures. 45 

 46 
5) The current research deployed uLPRs with a data acquisition strength in one meter diameter surface area. A 47 

total of 8 sensors suite was used for one large vehicle which covers majority of the surface area of the 48 
vehcile. The major objective was to investigate critical points in specific areas of large military tanks within 49 
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the museum, namely turret, armour plate, cockpit, near interacting joints and irregular geometrical surfaces. 1 
This installation was focused in terms of strategic points rather than the overall surface area. Modelling 2 
techniques have been developed [23] to extrapolate corrosion monitoring & prediction in less critical areas 3 
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