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Abstract

Research was conducted to analyse corrosion and tribological failures in The
Tank Museum Bovington military tanks. Due to the age of the exhibits
corrosion of vital components has become a significant issue, it is vitally
important to preserve these artefacts for future generations and so to do this
effectively we need to monitor and reduce this corrosion as far as realistically
possible. A case study of the historic military tanks followed by experimental
research analyses is presented. Structural degradation through corrosion
and engine wear has been identified and analysed. Materials were
processed/manufactured during 2" World War, their composition was
unknown. Therefore state-of-the-art characterisation techniques were
performed on samples collected from the M10, Sherman, Centaur and Tiger
1 to obtain material compositions and to identify nearest standards. A bench
mark of material loss due to corrosion so far, has been achieved in the M10,
Sherman, Centaur, BT — R 60 and King Tiger through ultrasonic corrosion
mapping. Material loss because of corrosion was high in the Centaur in
comparison to the Sherman, M10, BT R — 60 and King Tiger samples.

Corrosion analyses technigues were conducted on samples from three tanks
the M10, Sherman and Centaur to investigate corrosion morphology on the
tanks surfaces and corrosion propagation from surface to sub-surface level.
During this experimental work various corrosion contaminants, sub-surface
cracks and defects were identified. Corrosion layer/residues were relatively
thick (approximately 250 pm) on the surfaces of the M10, whereas the
phenomenon of corrosion pits was wide spread in the Centaur. Corrosion
was influenced by the presence of surface contaminants and sub-surface
defects such as slags, sulphide inclusions and corrosive pits. These factors
alone and/or in combination were observed to be a serious issue in limiting
vehicles’ longevity.

Study of the environments both inside and outside the museum has been
conducted to relate corrosion activity within the context. Based upon the data
gathered simulated environmental corrosion tests were conducted to quantify
corrosion accumulation under a controlled museum environment suitable for
the museum visitors. Some degree of corrosion build-up was observed on
the samples under controlled environments. Prohesion test was conducted
to evaluate viability of the materials, coating and primer. Material ability to
resist adverse environmental conditions was negligible. These results are of
particular interest for the vehicles which are exposed in uncontrolled
environment. Exposure of the primer and coating to prohesion test showed,
that the primer was able to resist failures during the entire test duration.
However breakdown of the coating was observed during the test.

Wear analyses of the original piston which was designed before/during the
2" World War showed enhanced material composition and tribological
properties than the new replacement piston. Failures in the replacement
piston and cylinder-liner could be attributed to inadequate material selection
and design.

A sustainable model to extend longevity and to retard structural aging of the
military tanks in The Tank Museum has been proposed.
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. 1
Lexicon

Abrasive: Small particles of material that are propelled at high velocity to
impact a surface.

Abrasive Blast Cleaning: Cleaning and roughening of a surface produced
by the high velocity impact of an abrasive that is propelled by the discharge
of pressurised fluid from a blast nozzle or by a mechanical device such as a
centrifugal blasting wheel.

Accelerator: A chemical substance when added result faster chemical
reaction.

Activator: A substance that starts and increases a chemical reaction, heat
and radiation may serve as activators.

Active: (a) The negative direction of electrode potential. (b) A metal in its
corroding form.

Aeration Cell: An electrochemical cell, the electromotive force of which is
due to a difference in air (oxygen) concentration at one electrode as
compared with that at another electrode of the same material.

Air Drying: This is a process in which an applied wet coating converts into a
dry coating film by evaporation of solvent or reaction with oxygen as a result
of simple exposure to air without intentional using of heat or curing.

Alkyd: Kind of resin derived from the reaction of polyhydric alcohols and
polybasic acids, part of which is derived from saturated or unsaturated oils or
fats.

Anaerobic: Free from air or un-combined oxygen.

Anion: A negatively charged ion that migrates through the electrolyte
towards the anode under the influence of a potential gradient.

Anode: The electrode of an electrochemical cell at which oxidation occurs.
Electrons flow away from the anode in the external circuit. Corrosion usually
occurs and metal ions enter the solution at the anode.

Anode Corrosion Efficiency: The ratio of corrosion (mass loss) of an
anode to the theoretical corrosion (mass loss) calculated from the quantity of
electricity that has passed between the anode and cathode using Faraday’s
law.

Anodic Inhibitor: A substance that may prevent or reduce the oxidation
process.

Anodic Polarisation: The change of electrode potential in the noble
(positive) direction caused by current across the electrode/electrolyte
interface.

1 Derived from the NACE Corrosion Engineer’s Reference Book (3rd Edition).
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Anodic Protection: Polarisation to a more oxidising potential to achieve a
reduced corrosion rate by the promotion of passivity.

Anodising: Oxide coating formed on a metal surface (normally aluminium)
by an electrolytic process.

Barrier Coating: (a) A coating that has a high resistance to permeation of
liquid and/or gases. (b) A coating that is applied over a previously coated
surface to prevent damage to the underlying coating.

Beach Marks: The characteristic marking on the fracture surfaces produced
by fatigue crack propagation (also known as clamshell marks, conchoidal
marks, and arrest marks).

Brittle Fracture: Fracture with little or no plastic deformation.

Catalyst: A chemical substance, usually present in small amounts relative to
the reactants, that increases the rate at which a chemical reaction (e.g.
curing) would otherwise occur, but is not consumed in the reaction.

Cathode: The electrode of an electrochemical cell at which reduction is the
principal reaction. Electrons flow toward the cathode in the external circuit.

Cathodic Corrosion: Corrosion resulting from a cathodic condition of
structure, usually caused by the reaction of an amphoteric metal with alkaline
products of electrolysis.

Cathodic Inhibitor: A chemical substance that prevents or reduces the rate
of cathodic or reduction process.

Cathodic Polarisation: The change of the electrode potential in the active
(negative) direction caused by current across the electrode/electrolyte
interface.

Cathodic Protection: A technique to reduce corrosion of metal surface by
making that surface the cathode of an electrochemical cell.

Cavitation: The formation and rapid collapse of cavities or bubbles within a
liquid which often result in damage to material at the solid/liquid interface
under conditions of extreme turbulent flow.

Chemical Conversion Coating: An adherent reaction product layer on a
metal surface formed by reaction with a suitable chemical to provide greater
corrosion resistance to the metal and increase adhesion of coatings applied
to the metal, i.e. iron phosphate coating on steel, developed by reaction with
phosphoric acid.

Chloride Stress Corrosion Cracking: Cracking of a metal under the
combined action of tensile stress and corrosion in the presence of chlorides
and an electrolyte normally water.

Coat: One layer of a coating applied to a surface in a single continuous
application to form a uniform film when dry.

Coating: The application of a liquid that converts into a solid protective layer
on a surface. It also works as decorative film.

Corrosion: The reaction of a material normally a metal with the surrounding
environment, which results in the deterioration of the materials.
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Corrosion Fatigue: In a corrosive environment the formation of fatigue
cracking in a material together with repeated stresses.

Corrosion Inhibitor: Substance when present, in the environment
prevent/reduces corrosion.

Corrosion Rate: The rate at which corrosion progresses.

Corrosion Resistance: In a given environment, the ability of a metal to
withstand corrosion.

Corrosiveness: Environment’s propensity to cause corrosion.

Critical Humidity: Relative humidity above which atmospheric corrosion
occurs rapidly.

Elastic Deformation: Under application of stress, changes in the dimension
of the materials within the elastic limit. The material returns to its original
shape after the removal of the applied stress without change.

Elastic Limit: The maximum stress to which a material can be subjected
without any permanent deformation or damage.

Elasticity: The ability of a material to come back to its original dimensions
after the release of the applied stress.

Erosion: Removal of surface particles from a surface when subjected to
mechanical interaction between the liquid and material.

Ferrite: Iron based alloys with body centred cubic crystalline phase.

Ferrite Steel: The type of steel whose micro-structure at room temperature
remains mostly ferrite.

Film: A thin layer on the surface but may not be visible to eyes.

Galvanic Series: An arrangement of metals and alloys according to their
corrosion potential for a given environment.

Heat Treatment: The cooling and heating of a metal for the purpose of
obtaining desired properties.

Inclusion: Non-metallic phase such as an oxide, sulphide or silicate
particles in a metal.

Internal Oxidation: The formation of isolated particles due to oxidation
products underneath the metal surface.

lon: An electrically charged atom or group of atoms.

Low Carbon Steel: Steel with less than 0.30% carbon and no intentional
alloying additions.

Noble: The positive direction of electrode potential, thus resembling noble
metals such as gold.

Noble Metal: (a) A metal that exist in nature in Free State.
pH: The negative logarithm of the hydrogen ion activity written as:
pH = - logio (an")
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Where a4 = hydrogen ion activity = the molar concentration of hydrogen
ions multiplied by the mean ion-activity co-efficient.

Plastic Deformation: Permanent deformation as a result of stress beyond
the elastic limit.

Plasticity: Permanent deformation of a material without fracturing.

Primer: A coating applied as first coat on an uncoated surface to prepare the
surface for subsequent coats.

Protective Coating: Coating applied to a surface to protect the substrate
from corrosion.

Relative Humidity: The ratio, expressed as a percentage, of the amount of
water vapour present in a given volume of air at a given temperature to the
amount required to saturate the air at that temperature.

Rust: Products of corrosion, consisting iron oxides and hydrated iron oxides.
Topcoat: The final coat on the surface also known as finish.
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Chapter 1 Introduction

1.1. Background

During their service life large military vehicles operate in various conditions
such as aggressive marine environments with salt spray, to desert full of
sand particles and extreme working temperatures. After exposure to such
environments when these vehicles are kept stationary they endure structural
degradation. This degradation is mainly influenced by corrosion, wear,
undesired stresses and various surface and sub-surface stress/fatigue
cracks.

The Tank Museum Bovington United Kingdom owns a large fleet of around
300 large military vehicles i.e. tanks. These military tanks were exposed to
extreme working and operating conditions in the battle grounds in their past
service life and therefore exhibit various modes of degradation in their
structures. Corrosion is one of the most visible forms of structural
degradation in these tanks. Engine wear is another important factor risking
their operating performance. Significantly aging large military vehicles which
fought during the Great Wars in the museum environment require novel
sustainable methods for their longevity. These large military vehicles from
WW1, WW2 post war and recent conflicts are key entities; which provide a
wealth of information and insight into the past design process, design
methods, materials and manufacturing techniques. These rare and historic
collections are valuable assets for our and the coming generation. However
such vehicles are associated with various modes of structural aging.

Large vehicles especially military tanks are complex objects containing a
wide range of materials and mechanical components linked to a variety of
various structural deteriorations such as material degradation through
corrosion, wear within interacting surfaces, various types of surface and
subsurface cracks and undesired stresses. These mechanisms alone or in
combination result in partial/complete component failures; higher
maintenance costs and risks the structural integrity. Military vehicles from
World War | and Il were designed according to the automotive technologies
in practice at those times [1] with a specified/limited life time expectancy.
Moreover during the Wars these vehicles were exposed to harsh physical
(different terrain) and chemical (exposure to chemical attacks) environments
and operated under extreme working conditions. Majority of these vehicles
were then left exposed to the uncontrolled environment for an unidentified
period [2].

To sustain structural integrity of military tanks in the museum the
development of a framework to identify, repair, prevent and to predict the
initiation of structural defects needs to be executed [3]. Although there are
methods to retard/diminish such factors, this framework must be able to
protect the cultural biography against various preservation techniques.

A case study of the museum vehicles identified corrosion as the major
contributor to structural damage together with wear, fatigue/SCC cracks and
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failures through undesired stresses. Damage because of corrosion was
prominent in the case study results. Structural aging of the large metal
structures such as military tanks, aircraft, ships and bridges through
corrosion is a continuous growing problem [4]. Corrosion alone or in
combination with other factors plays a vital role in structural deterioration.
Corrosion results deterioration in the materials mostly metals leading to
structural failures [5]. Effects of corrosion are immense on some of the tanks
and a point is expected when costs associated with corrosion will be
significant for The Tank Museum, but most importantly the existence of the
tanks itself is at higher risk. Vehicles in The Tank Museum Bovington are
kept in two distinct environments controlled and uncontrolled, while some
vehicles travels intermittently between these two modes. Vehicles kept inside
the museum are sheltered from coming into direct contact with the natural-
environment. Nonetheless vehicles kept outside are exposed to uncontrolled
environmental conditions such as rain, temperature fluctuations, variable
relative humidity and winds etc. Vehicles which are demonstrated
intermittently endure transitional environmental change after being kept
stationary inside the museum. Environmental conditions together with the
operational factors pose significant risks to the longevity, durability and
reliability of these vehicles [6].

The accumulations of corrosion enhancing contaminants are expected on
the tanks’ surfaces which are exposed outside to uncontrolled environment.
Similarly when tanks are returned after demonstration in the outdoor
environment, accumulation of contaminants on their surfaces is also
expected that will result in, indoor atmospheric corrosion [7, 8]. What's more
some of the tanks are operating beyond their service life; this poses
significant risks of tribological assisted failures in their engines and other
interacting components. Tribology plays a prominent role in the degradation
of the components such as piston-liner assembly in automotive engines [9,
10]. Engine components develop failures because of tribological
mechanisms from time to time in the museum. However component
replacement is not favoured as it compromises the cultural biography and
heritage value of the tanks.

Research has undertaken two aspects of failures corrosion and wear in
consideration. Corrosion degrades materials for that reason characterisation
of the materials was conducted which were processed/manufactured
before/during the 2" World War. Factors which play important role in the
initiation and progression of corrosion activity such as relative humidity and
temperature etc are also considered. Analyses were also conducted to
measure and record materials’ loss due to corrosion. Real time wear
evaluation of the pistons and cylinder-liners from the Tiger 1 are also
conducted.

This research is the first of its kind in-terms of the fundamental study to
investigate the critical effects of corrosion and wear in The Tank Museum
high value military tanks.
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1.2. Research Aims and Objectives

The intents of the project were to design and achieve a frame work for all the
museums at a National level to adopt a sustainable approach towards the
artefacts in their museum environment. Through scientific means the project
will try to ensure that the cultural and the historic values are preserved
without compromising the artefacts’ integrity and valuing the stake holder
interests.

Aims and objectives of the research are as follows.

e To understand various modes of structural aging especially through
corrosion and engine wear in The Tanks Museum vehicles.

e To identify and characterise corrosion influenced structural defects.

e Analyse the tribological issues while running the vehicles extensively or
intermittently.

e To develop sustainable conservation methods able to prevent or retard
failure mechanisms.

e Employ conservation methods in a way where the cultural biography of
the vehicles are best retained and with minimum possible intervention.

e To devise a framework which can oversee aspects of aging especially
corrosion in all operational, static and those vehicles which operate after
long periods of non- usage.

1.3. Research Scope

Larger military vehicles are complex objects associated with a variety of
failure mechanisms. In this research the role of corrosion has been
investigated thoroughly. Engine failures are also considered but are limited
to real time wear evaluation.

1.4. Beneficiaries
e Museums

Results from this research will provide a framework for decisions regarding
conservation of the vehicles.

e Academia

This research can be applied in new fields. Predictive models from this
research can be employed through academia in other heritage industry for
the longevity of their collections.

e The General Public

The general public visiting the museum will enjoy the cultural value
preserved for an extended time.

¢ Government

Army vehicles display same modes of failures over specific time. Through an
understanding of the degradation of the historic vehicles, there will be an
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opportunity to design-out degradation problems that may not be predictable
through conventional methods.

1.5. Project Work Plan

The project plan of this research is shown in Figure: 1.1. This model provides
schematic of the research methodologies deployed to conduct this research.
Samples from the M10, Sherman, Centaur, BT R - 60, King Tiger and the
Tiger 1 were subjected to experimental research.
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1.6. Structure of Thesis

Structure of the thesis is provided in Table: 1.1. Chapter 1 is the introduction to the
problems, which provides the project work plan and beneficiaries for this research.
Chapter 2 is the review of the literature giving considerations to corrosion and wear,
whilst Chapter 3 is an introduction to state-of-the-art research methodologies
employed during this project. A case study of the museum vehicles was conducted
to understand various prevailing aging mechanisms, and the results are provided in
chapter 4. Materials were processed before/during 2™ World War and their
compositions were unknown. Thus materials characterisation was conducted to
obtain their composition; results are given in Chapter 5. A bench mark of the material
loss through corrosion has been achieved in the selected samples of which results
are provided in chapter 6. In chapter 7 analyses of the natural and the environment
inside the museum is presented. Results from simulated and prohesion corrosion
tests are also provided in chapter 7. Chapter 8 presents real time wear evaluation of
the Tiger 1 pistons and cylinder-liners. Chapter 9 summarise results and chapter 10
presents future research work.

Table: 1.1 Structure of Thesis

Chapter 1 - Introduction

Outlook of the Research Problem

Chapter 2 - Review of Literature
Chapter 3 - Methodologies for Research

Understanding of the Problems because of Corrosion
and Wear, and Development of Test Methodologies

Chapter 4 - Case Study

Prevailing Various Ageing Mechanisms in the
Vehicles

Chapter 5 - Materials Characterisation
Chapter 6 - Corrosion Damage Assessment

Understanding of the Materials Composition and
Overview of the Corrosion Damage so far

Chapter 7 - Simulated Environmental Corrosion Testing

Analyses of the Environment, Experimental Results of
Simulated and Extreme Corrosion Tests

Chapter 8 - Tribological Considerations

Real Time Wear Evaluation of the Pistons and
Cylinder-liners

Chapter 9 - Conclusions and Recommendations
Chapter 10 - Future Work
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Chapter 2 Review of Literature

Literature about aging mechanism in large structures is extensive and can be
divided into a numbers of areas. Among other factors corrosion and tribology
related issues play a critical role. It is necessary to understand the prevailing
failure mechanisms, measure and monitor the identified issues and to
establish their cause.

This chapter documents research work conducted on various large and small
metal structures to understand failures because of corrosion and tribology.
Research outcomes have been carefully studied for the success of this
research.

2.1. Corrosion

The chemical or electrochemical reaction between a material, normally a
metal and its surrounding environment which result in the deterioration of the
metals and its properties is known as corrosion [11]. Corrosion in metal
structures result in higher maintenance costs, compromises the structural
integrity, causes mechanical failures and reduces value for commodities [5].
Corrosion is one of the main contributors to risk the structural reliability of
metal structures and can be initiated in various modes in a structure
depending on their environment, operating conditions, nature of the material
and its exposure to environment with respect to time [12]. Not only has the
cost of corrosion maintenance risen drastically, there are also major
concerns of the integrity, performance and safety of structures [13].

2.1.1. Corrosion Theory

The process of a metal’s deterioration when in contact with the environment
is called corrosion. This could be a chemical or electrochemical reaction.
Most metals corrode when come into contact with water, moisture, acids,
bases, salts and aggressive metal polishes. Metals also corrode when come
into contact with gases such as sulphur, acid vapours, ammonia gas and
chlorine etc. In a chemical reaction of corrosion metals tend to lose electrons
and non-metals tend to gain electrons. The loss of electron from a metal is
called oxidation and the gain of electron is called reduction. Corrosion
process consists of an anodic and a cathodic reaction. During anodic
reaction2 (oxidation) the metal is dissolved and transferred to the solution as
ions M™,

M >> M2+ 2e 1)
Metal

Cathodic reaction is the reduction of oxygen.
O, +2H,O0+4e >>  40H (2)

The electrons released by the anodic reaction are conducted through the
metal to the cathodic area where they are consumed. Metal ions (M*?)
conducted towards OH" ions form metal hydroxide and may be deposited on
the metal surface.
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2M + O, + 2H,0 >>  2M (OH); (3)

Metal dissolution (anodic reaction) and consumption of electron (cathodic
reaction) can be located close to each other on the metal's surface or far
apart. A balance must be reached between these two processes. Free
electrons generated react with hydrogen ions to form atomic hydrogen, and
then molecular hydrogen gas. If the acidity level is high (low pH), this
hydrogen will readily become a gas. Dissolved oxygen in water reacts with
the hydrogen, converting it to water and destroying the thin film which result
further corrosion. High water velocities tends to wash away the thin hydrogen
film exposing new surface, also solid particles in the water destroy this layer.
High hydrogen ions concentration (low pH) speeds up the release of
electrons, and high water temperatures increase all chemical reaction rates
[11, 14-17].

A variety of natural and environmental factors strongly influences corrosion
rate of metals. Corrosion can start locally from a small pit or could spread out
on a surface; corroding it partially and/or entirely. Exposed surfaces are
affected mostly from corrosion. Corrosion exist in different forms some are
more complex than the others. Factors which influence corrosion are [11, 14-
17]:
e Conductivity of electrolyte
Sea water is good conductor compare to fresh water; hence corrosion is
worse in sea water.
e Oxygen
Generally the amount of corrosion increase in proportion to oxygen.
e Presence of Pollutants
Sulphur, hydrogen chloride and carbon monoxide etc contribute to
corrosion.
e Temperature
Higher temperature result accelerated corrosion.
e Stress
Metals under tensile stress in corrosive environment can suffer sudden
failure.
e Presence of bio-organism
Micro-organism can contribute to corrosion either by damaging the
protection or causing a corrosive environment.
e Cathode to Anode Ratio
The area of cathode to anode ratio is critical in corrosion.

Reduction of oxygen is the most common example of reduction accounting
for around 90% of corrosion. Therefore amount of oxygen and its presence is
an important factor in determining the rate of oxidation or corrosion. Most of
the metals show tendency towards oxidation, some oxidise easily than the
others. A tabular form of their relative strength towards oxidation is called
galvanic series shown in Appendix E. Galvanic series provides knowledge of
a metal to make informed decisions about its potential usefulness for a
specific use in the structures [11, 14-17].
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2.1.2. Corrosion of Iron

The most common example of corrosion is the rusting of Iron (Fe) shown in
Figure: 2.1. This is an electrochemical process which involves oxygen, water
and electrolyte. Absence of any one of them will result in no rusting of the
Fe. Relative humidity above 50% provides necessary amount of water in the
air to cause rusting and when relative humidity reaches above 80%,
corrosion of bare steel is worse [18, 19]. A droplet of water containing
dissolved oxygen on steel surface causes Fe to oxidise. At the edge of the
water droplet the oxidising iron provides electrons to reduce oxygen from the
air.

Rust

Electrolyte
Fe,0,;" X H,0

H,0

Cathode (iron near the anode)
O2 + 2H20 + 4e --> 4 OH-

IRON

Fe -—-> Fe*2 4 2¢
Fete - iES kGl

Image hocktools:http:/hocktools files wordpress.com/2011/10/rustdiag.jpg

Electrons flow within the metal
and ions flow with the electrolyte.

Figure: 2.1 Corrosion Process

Fe (s) >>  Fe® (aq) + 2e (4)

Electrons released from the metal (anode) travel through the metallic
structure to the adjacent cathodic sites on the surface, where they produce
hydroxyl ions (OH") after reaction with oxygen and water:

Oz (g) + 2H,0 + 4" >> 40H’ (5)
(OH) react with ferrous ions from the anode to produce iron (II) hydroxide or
the rust:

Fe®* (ag) + 20H" (aq) >>  Fe (OH); (s) (6)
The resulting iron hydroxide Fe(OH), reacts with dissolved oxygen in water
thus producing hydrated iron oxide.

Iron (I) ions also react with hydrogen ions and oxygen to produce iron (ll1)
ions:

4AFe* (ag) + 4H (aq) + O, (aq)  >> 4Fe®* (ag) + 2H.0 (7)

The produced iron (Ill) ions react with (OH) ions and produce hydrated iron
(111) oxides also known as iron (llI) hydroxides:
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Fe* (ag) + 30H" (aq) >>  Fe(OH)s (s) (8)

Fe(OH)s which is the loose porous rust will crystallise to Fe,03.H,O (red
brown rust) and is known as rusting. Since there are hydrogen and hydroxide
ions any variations in pH will affect the process [11, 14-16, 18].

Since The Tank Museum is sheltered therefore neutral environmental
conditions are expected inside the museum. However corrosion
contaminants accumulated during service or when demonstrated on the tank
surfaces will influence the corrosion process.

2.2. Reasons of Corrosion

2.2.1. Conditions

The prerequisites for corrosion to continue are, (a) anode which is the metal
(b) cathode to collect electrons lost i.e. oxygen (c) Conductive path for the
transfer of electrons which is normally electrolyte in the form of surface
wetness and contaminants and/or (d) Conductor to carry out electron
transfer to cathode. This could be in the form of metal-to-metal contact
between metal joints [5, 20, 21].

2.2.2. Material Selection

Metal structures are mostly manufactured from carbon steel, which is
inexpensive and readily available. In addition carbon steel can be welded,
machined and designed into many shapes easily. Unfortunately oxide layer
formed on carbon steel surface in the form of rust cannot create a protection
on the surfaces and flakes away resulting in further oxidation. Materials are
normally selected on the basis of mechanical & physical properties and
costs; and corrosion resistance is given secondary consideration in the
design. Other alloys can be used to substitute carbon steel to mitigate
corrosion in cases where other means of corrosion control are not practical.
However the use of corrosion resistant alloys does not always cure the
problem and may lead to galvanic corrosion [14, 21].

2.2.3. Intrusion of Water

Water can intrude into the components and be one of the main reasons to
initiate corrosion through free access, capillary action or condensation.
Water access to the components and its confinement within the components
makes any structure susceptible to corrosion [14, 21].

2.2.4. Environment

Moisture in the air in many cases is enough to start corrosion and it occurs
when relative humidity is greater than 80% and temperature rises above 0°C.
Factors such as pH factor (acidity or alkalinity), accumulation, stability and
variation of the corrosive contaminants (salts, acids), temperature and the
presence of biological organisms strongly influence corrosion [22].
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2.3. Types of Corrosion

The primary forms of corrosion are explained briefly below. However a
corroding part from a metal may endure several types of corrosion
depending upon its exposure to different environments at different points. It
is unlikely that a corroding component or structure will corrode from one type
of corrosion.

2.3.1. Uniform Corrosion

Uniform corrosion (UC) is the direct chemical attack on the metal surface
spreading out evenly across the entire surface and/or occupying a lager
surface area. On a polished surface, this type of corrosion can be observed
as general dulling and discolouration. Breakdown of surface protections is
one main reason of uniform corrosion and if not treated could lead to general
thinning of the surface and can convert in to another form of corrosion.
Results from uniform corrosion are not fatal and is not classified as one of
the severe forms of corrosion. Failures caused due to UC are rare and can
be identified by visual inspection [11, 14, 23].

2.3.2. Concentration Cell Corrosion

This type of corrosion occurs when a metal surface is in contact with different
concentration of the same solution or environments. The difference in the
environment can be because of non- uniform deposits on the surface.

Basic mechanism is essentially the same as in galvanic corrosion however in
this case the driving force for corrosion is the potential difference between
concentration cells in a single metal exposed to different environments.
There are three types of concentration cell corrosion phenomenon (1) metal
ion concentration cell (2) oxygen concentration cell and (3) active-passive
cells.

2.3.2.1 Metal lon Concentration Cells

A high concentration cell will be formed on the surface area under water and
a low concentration of metal ion will exist next to the crevice formed by the
area under water. Cathodic action is performed by the area which is in
contact with the low metal ion concentration and will be protected; the area in
contact with high metal ion concentration will act as anode and corrode
faster [11, 14, 24].

2.3.2.2 Oxygen Concentration Cells

The contact between metal surface and water solution containing dissolved
oxygen result this type of corrosion. At points where oxygen in the air cannot
dissolve uniformly in the air it creates oxygen cells at those points; creating a
difference in oxygen concentration between two points. Corrosion will start to
function at the area of low oxygen-concentration acting as an anode. Oxygen
cell can be generated under gaskets, wood, rubber and other materials in
contact with the metal surface [11, 14, 24].
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2.3.2.3 Active — Passive Cells

Active-passive cell corrosion is most common in metals which resist
corrosion through a tightly adhered oxide film on its surface; such as
austenitic corrosion resistant steel. Corrosion contaminants such as salts in
the presence of water create cells of oxygen concentration. Corrosion starts
as an oxygen concentration cell if the passive film of the metal surface is
broken beneath the salt deposit, the surface beneath the film will be exposed
to corrosive attack. Large surface under passive film starts to act as cathode
and the small area as anode (active metal). This leads to formation of pitting
in metal surface [11, 14, 24].

2.3.3. Fretting Corrosion

Corrosion at the interface of two metal surface when operate under load and
subjected to vibratory motion is called fretting corrosion (FC). The relative
motion may vary from few nano-metres to several micro-metres in amplitude.
Objects such as shrink fits, press fits, bolted joints, bearings, connecting rods
and assemblies where the interface is under load suffer from this type of
corrosion. During surface contact under heavy load pits, grooves and debris
are formed, this result newly exposed surface and damage to the oxide film.
The newly exposed surface is highly active and oxidises again, and this
cycle is repeated. The subsequent oxidation of debris particles and newly
exposed surface characterises fretting corrosion damage [17, 25]. During
this process metal particles are formed because of adhesive wear, micro-
fatigue and delamination. The subsequent oxidation of these debris particles
develops brittle and friable oxide particles. This oxidised debris acts as an
abrasive media between the interacting surfaces leading to further wear at
higher rate. The friction co-efficient is affected by the type of debris. The
visual results of fretting corrosion on steel interface are red-brown debris in
addition to pits or intrusions which may lead to fatigue cracks. Discolouration
of the attacked surface is also possible. Fretting wear and oxidation can be
increased by reduced temperature and air humidity, and by increased
pressure and slip. Material loss could be expressed through the following
equation [17]:

W = (ko L¥2= kyL) C/f + ko ILC (9)

Where L is the load, C is the number of cycles, f is the frequency, | is the
slip, and ko, ki, ko are constants. Use of lubricants and restricting oxygen
through gaskets, or sealing material to the component can reduce fretting
corrosion [11, 14, 24].

2.3.4. Stress Corrosion Cracking

The combine effect of tensile stress and corrosive environment often result
stress corrosion cracking (SCC). Stresses may be induced through welding,
machining, grinding and heat treatments. Internal stresses are induced by
non-uniform deformation during cold working and by unequal cooling from
elevated temperatures. Deformation of a component also produce stresses
such as press and shrink fits, and in rivets and bolts. Combine with corrosive
environment, induced residual stresses tend to approach the yield strength
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resulting in stress corrosion cracking. Stress corrosion is very difficult to
recognise before it has overcome the design safety factor. Magnitude of
stress may vary from point-to-point in metal structure.

Corrosion products within small restrained spaces can also generate
stresses. Generally most of the surface may look less affected however with
inter-granular or a trans-granular morphology illustrated in Figure: 2.2; these
cracks penetrate into the surface resulting in fractures. SCC is one of the
severe forms of corrosion which is hard to detect and difficult to predict the
failures [21, 26].
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Figure: 2.2 Stress Corrosion Cracking in Aluminium Alloy, Subjected to Residual
Stresses and Salts

In metals SCC cracks are normally multiple, branched, and either inter-
granular or trans-granular and cleavage like. In some cases both modes of
inter and trans-granular may exist simultaneously. When examining through
microscopically the SCC cracks may look brittle and discoloured, dull or
darkened by oxide-layers. Initiation site may be a pit caused by pitting or
deposit corrosion or a defect as a result of forming or machining. SCC can
be classified as “brittle” mode of failure, when material fails to manifest its
usual tensile strength and ductility. Microscopic strains acting dynamically on
the crack tip may also influence crack growth [17, 27]. In a high-strength
material, stresses are usually imposed and the growth of SCC can result in
the rupture when the fracture toughness is exceeded. Whereas in low-
strength alloys stresses are often residual in SCC and result in leakage or
gradual plastic tearing [17, 21, 26].

Mechanisms which play significant role in SCC can be categorised in three
groups: (1) Environmental an electrochemical factors, (2) Metallurgical
factors and (3) Mechanical stress and strain. These factors are multi-
disciplinary mainly electro-chemistry/corrosion, physical metallurgy and
facture mechanics, and varies from one material- environment system to
another significantly [17, 21, 26].

2.3.5. Inter-granular Corrosion

Inter-granular corrosion (IGC) is a localised corrosion attack on the metals or
alloys grain boundaries or adjacent to its boundaries. IGC is the result of the
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segregation of a specific element or the formation of a compound in
boundary, this creates zone/zones of poor corrosion resistance. Grain
boundary becomes anodic in relation to the remaining surface which
becomes cathodic. Localised corrosion in the grain boundary is caused by
the anodic dissolution of (i) regions depleted of alloying agents (ii) second
phase precipitation (iii) or regions with segregated alloying or impurity
elements. Cathodic areas start to function on the exposed surface causing
dissolution of the anodic area. Corrosion rate is dependent on the continuing
corrosion mechanisms, ratio between anode and cathode, distribution of
electrochemically active phases and the distribution of impurity elements [11,
28].

2.3.5.1 Exfoliation Corrosion

Exfoliation is a form of inter-granular corrosion. Corrosion products among
the grains boundaries occupy larger surface area and forces surface grains
of the metal to lift up also know as leafing or lifting effect in its extreme form.
This is a direct result of the expanding corrosive products among the grains
of the metals. In this particular form of IGC the expensive force of insoluble
corrosion products tends to force the grains apart that severely affect
mechanical properties of the materials [11, 14, 28, 29].

2.3.6. Galvanic Corrosion

Galvanic or bimetallic corrosion is an electrochemical reaction between two
or more dissimilar metals in the presence of electron conductive path in
which one metal corrodes preferentially than the other. The common factors
are dissimilar metals, electrical interaction, and a conductive electrolyte.
When a conductive path is established flow of electrons takes place from
active to noble metal forming a coupling of anode and cathode. One typical
example is given in Figure: 2.3 where washer is anodic compared to the
stainless screw and rest of the surface. Washer is corroding fast because of
the high anode-to-cathode ratio.

Cadmium plated steel washer

Figure: 2.3 Galvanic Corrosion - Stainless Screw v Cadmium Plated Steel Washer

If the conductive path between anode and cathode has been removed the
corrosion may not occur. Galvanic corrosion increases other forms of
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corrosion such as pitting and crevice. It can be recognised by the formation
of corrosion deposits at the joint of two dissimilar metals. Galvanic corrosion
can also start on a macroscopic level between components of different
materials but may also occur microscopically at the pre-existing metallurgical
features in steel or where metal ions of a nobler element are present in
solution [29-31].

In cases where the noble (cathodic) metal is very efficient cathode, even
equal areas of the two materials may cause relatively fast corrosion. Where
the area of the noble metal is larger than the less noble (anodic) metal, it
may also result in accelerated corrosion due to galvanic coupling. In addition
to cathodic efficiency and the area ratio, the conductivity of electrolyte and
the geometry of the system play a vital role. The corrosion attack on the
anodic area is reduced with increasing distance from the contact interface
between the two materials, resistivity of the electrolyte, and the polarisation
properties of the metals [17, 19].

2.3.7. Pitting Corrosion

Alloys and metals, such as aluminium, stainless steel, titanium and zirconium
remain passive in many corrosive environments. However under certain
environments, the passive film on their surfaces can be affected through
localised corrosion points. This process of localised is known as pitting or
pitting corrosion. Pitting is a localised form of corrosion confined to a very
small point. It causes holes or cavities through pits and then penetrates
inwards in the metal’s structure illustrated in Figure: 2.4. In some cases most
of the surface will remain protected but at a smaller point where the
protection of surface has failed a pit is formed. This is happen many times
and several pits will be formed. Corrosion products normally cover the pits
showing no significant material loss on the surface.

Courtesy of KSC Corrosion Labs

Figure: 2.4 Formation of pit in steel

Main reasons of pitting are (a) localised damage to, poor application of
protective coatings (b) the presence of non-uniformities in the metal structure
and (c) localised chemical or mechanical damage to the protective oxide film,
acidity, low dissolved oxygen concentration and high concentration of
chlorides. Pitting is one of the severe forms of corrosion which is difficult to
detect and hard to predict the results [32-35].
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Materials such as copper, zinc and tin which operate in less pronounce
passive states, pitting may initiate in the pores in the existing corrosion layer
on the surfaces. Aluminium and stainless steel which are typically passive;
pitting may initiate because of the adsorption of halide ions that penetrate the
passive film at weak points. The weak points may be due to the irregularities
in the oxide film because of grain boundaries or inclusion in the metals.
Halide ion adsorption causes significant increase of the ion conductivity in
the oxide film so that metal ions can migrate through the oxide film. That
result localised dissolution and as a result intrusions are formed in the metal
surface [17, 35, 36]. Another theory is that the initial adsorption of aggressive
anions at the oxide surface increases catalytically the transfer of metal cat-
ions from the oxide to the electrolyte and thus results in local thinning of the
oxide film. In another possibility the attack starts at fissures in the passive
layer [37].

Generally, the anodic dissolution occurs inside the pit mainly at the bottom,
whereas the cathodic process is outside the pit at the inclusions and/or at the
surface area of the metal. Hydrolysis in the pit leads to an acidic, aggressive,
pit solution which may allow an additional cathodic reaction known as
reduction of hydrogen ions. Metal cat-ions from the dissolution reaction
migrate and diffuse towards the mouth of the pit where they react with OH"
ions from the cathodic reaction, forming metal hydro-oxide deposits that may
cover the pit. These corrosion products which cover the pits further facilitate
corrosion by preventing the exchange of electrolyte making it very acidic and
aggressive [17, 35, 37].

2.3.8. Corrosion Fatigue

The combine effect of alternating stress and corrosion often result corrosion
fatigue. It may also be defined as fatigue simulated and accelerated by
corrosion. In a component in corrosive environment fatigue failures can
occur at lower loads and in short time. Characteristics beach marks on the
smooth part show the form and position of the crack front at different stages.
Normally corrosion fatigue gives beach marks, however sometimes these
beach marks may be less visible due to corrosion products. Fatigue failures
are brittle and mostly trans-granular and the damage caused is often more
than the damage caused by stresses or corrosion alone. The main site for
crack initiation is generally the material surface, as the grain may deform
plastically and crack more easily than other grains, because not only they
are exposed to the environment which play important role in fatigue damage,
but they are also not constrained i.e. surrounded by other grains [17, 38].

Corrosion fatigue normally initiates at surface defects, stress concentrations
near notches, corners and holes. Crack initiate from the free surface,
normally at the largest grain along a shear slip plane at 45° to the loading
axis. Plasticity induced in the grain drives the crack until a dissolution build-
up occurs as the crack tip reaches the grain boundary between grains 1 and
2. When crack tip approaches the first grain boundary, growth rate of the
crack decreases. This reveals two possible outcomes (a) if the stress is
below the fatigue limit, crack decelerates and may arrest or when (b) the
stress level is above the fatigue limit, the crack grows into the next grain and
continues to propagate through the structure. Crack growth can be divided
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into four stages: 1) Initiation, 2) Crack growth stage | with crack growth
direction about 45° relative to tensile stress direction, 3) Crack growth stage
II, 4) Fast fracture. Fatigue process breaks the protection due to which
corrosion accelerates [17, 38-41].

2.3.9. Microbial Corrosion

Microbial corrosion is also known as microbiologically influenced corrosion
(MIC). The presence and activities of microbes on the metal surface leads to
this type of corrosion. Microorganisms tend to colonise and proliferate on
metals surfaces. They produce different acids both organic and mineral and
form bio-films, which as a result create an environment which has different
pH, dissolved oxygen, organic and in-organic species. Bio-film on the solid
surfaces creates non-uniform surface conditions. This result localised
corrosion normally in the form of a pitting. These colonies created by
microbes result a corrosive environment. Microbial corrosion is a great
problem in stagnant water systems such as fire protection and storage tanks
etc [42-44].

2.3.10. Erosion Corrosion

Erosion corrosion is the result of relative motion of high velocity surface-
fluids in metal structure. This can be the result of fast fluid flow in a stationary
object i.e. oil flow through a pipe or rapid motion of an object through
stationary fluid i.e. ship’s propeller motion in ocean. Erosion corrosion can be
caused by defects which restrict the smooth flow of fluids. Any roughness in
the surface leads to localised turbulence and high flow velocities. A
combination of erosion and corrosion can initiate severe pitting and
eventually to leaks.

Soft alloys such as copper, aluminium and lead alloys mostly suffer from
erosion corrosion. Alloys which exhibit formation of surface film in an
environment show limiting velocity above which corrosion rapidly progresses.
Flow induced corrosion problems are generally termed as erosion-corrosion,
around flow accelerated dissolution and impingement attack. Fluids can be
aqueous/gaseous and/or single/multiple phases [45].

2.3.10.1 Cavitation

Cavitation is sometime referred as the special case of erosion corrosion.
This is the result of formation and collapse of vapour bubbles in a liquid near
a metal surface. The sudden and immediate implosion leads to the formation
of cavities. This results in significant wear and tear in of the component.
Vaporisation at low pressure, air ingestion, turbulence in the flow and internal
re-circulation of the fluid leads to cavitation [45].

2.3.11. Crevice Corrosion

This is a localised form of corrosion which is the result of micro-environments
created by stagnant solution in crevices which are adequately wide for liquid
to penetrate and narrow such that the liquid remains stagnant. Stagnant
solutions under gaskets, washer, insulation materials and fasteners etc tends
to produce crevice or contact corrosion in the regions of contact between
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metals or non-metals. Similar mode of corrosion develops under deposits i.e.
corrosion products, leaves, dirt and marine organisms, and therefore known
as deposit corrosion. Change in the chemistry such as (a) Depletion of
inhibitor (b) Depletion of oxygen (c) Shift to acidic conditions and (d) Build-up
of aggressive ion species (e.g. Chloride) in the crevices characterises
crevice corrosion [18, 42-44].

Materials such as low alloy steel, stainless steel and aluminium when
exposed to aggressive species i.e. chlorides endure breakdown in their
surface oxide-layer. Stainless steel can be attacked by deposit corrosion in
stagnant or slowly flowing seawater. Studies indicate that a critical velocity of
2 m/sec can cause deposit corrosion in conventional steel however it may
result at higher velocities also. At the start metal corrodes outside and inside
the crevice at the same rate. When the metal is passive, oxygen is
consumed slowly within the crevice. When oxygen is consumed completely
inside the crevice OH" can no longer be produced and therefore the
dissolution of metal inside the crevice starts, which is supported by the
oxygen reduction outside the crevice. As the environment becomes more
aggressive, the surface oxide layer is attacked, resulting in the
transformation of the crevice surface to active state and the corrosion rate
increases [17, 46].

2.3.12. Filiform Corrosion

Filiform corrosion occurs when moisture permeates through small cracks or
even microscopic defects in the coatings. Filiform corrosion is common in
coatings which exhibit poor water vapour transmission. Lacquers and quick
dry paints are commonly affected by such corrosion [42-44].

2.4. Wear

Wear is another main contributor to the aging/damage of mechanical
structures and can be defined as the progressive material loss from the
interacting surfaces in relative motion. Wear occurs in mechanical bodies in
two forms mechanical and chemical. Mechanical form generally depends on
the nature of shapes/design of the interacting surfaces, environmental
conditions in which they operate, and the applied forms of loads. Chemical
wear involves the chemical attack in the form of corrosion and the material
removal from the surfaces due to chemical action.

Wear between two surfaces subject to relative motion is generally termed as
sliding and/or adhesive wear. Sliding wear can occur in lubricated and dry
surface contacts. Sliding contact can be lubricated when lubrication is
present between the surfaces or dry when the contact takes place without
any lubricant. Several factors play a vital role in sliding wear, these include
distance of the sliding, its velocity which influences the rate of frictional
energy dissipation and the temperature of the interface, contact pressure
between the surfaces and duration of the test. Wear exists in the form of
abrasive, adhesive, surface fatigue and fretting [47-49].

2.4.1. Abrasive Wear

Abrasive wear is the most common form of wear mechanism and is the
same as of machining, grinding, polishing or lapping used for shaping
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materials. It develops when two surfaces are in direct contact with each
other. Harder material abrades the softer material subjected to loads,
asperities on the harder material penetrates into the softer material causing
plastic deformations and formation of scratches, wear grooves and material
removal from the surfaces [49]. Abrasive wear take two forms (a) two body
wear in which harder surface remove material from the softer surface while
in (b) three body there are hard particles present between the contact areas
which work as an abrasive media between the surfaces. If the particle
between the surface is harder than the counter-face than it will indent the
surface and cause plastic flow, where patrticle is less than 1.2X the hardness
of the surface it will itself be blunted and not indent the counter-face [48].

2.4.2. Adhesive Wear

It is the result of localised welding between the sliding surfaces of contact.
Adhesive wear can be determined by the formation of micro-welds between
the surfaces subjected to friction. Furthermore it can be characterised by
high wear rate and unstable coefficient of friction. If the formed micro-
welds/junctions are weak shear occurs at the interface of contacting surfaces
and wear is negligible. But when junctions are strong, the softer material is
subjected to shearing which develops debris formation and material transfer
from softer to harder material surface. Surfaces are held apart from each
other by lubrication, which reduce the tendency of adhesive wear to take
place. Adhesive wear because of breakdown in the lubrication is termed as
scuffing [48, 50].

2.5. Tribo-corrosion

Tribo-corrosion is the result of surface degradation through mechanical wear
and chemical/electrochemical interactions working together. Many
mechanical and electrochemical interactions involved in tribo-corrosion are
time dependent and non-linear. Tribo-corrosion includes corrosion, erosion
corrosion, abrasion, adhesion, fretting and fatigue wear mechanisms. An
example of tribo-corrosion is the accelerated anodic dissolution of stainless
steel. Protection of stainless-steel relies on thick passive film (1-10 nm) from
aggressive corrosive environment. This film forms instantaneously by
reaction with the environment but abrasion can result in the localised rupture
or complete failure of this film which leads to exposure of the substrate to
corrosive environment. Rapid corrosion may occur on the exposed surface
areas unless repassivation is not reformed [51, 52]. Some mechanisms
affecting tribo-corrosion are discussed below.

2.5.1. Friction

The force opposing relative motion between two objects in contact is referred
to friction. Friction co-efficient is the ratio of the force resisting tangential
motion between two bodies to the normal force pressing those bodies
together. In two bodies sliding contact the friction force is tangential to the
interface.

Friction can be represented by the following equations
F=W xp (10)
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W denotes applied load and p co-efficient of friction. Force of friction is
proportional of the applied load but is independent of the apparent contact
area and sliding velocity [53]. Co-efficient of friction exists in two forms (a)
when surfaces are stationary relative to each other in this case it is known as
static friction and (b) when surface are in relative motion in this case it is
called kinetic friction.

For contact separated by film of lubricant the co-efficient of friction y, is very
low (< 0.1) and can be as low as 0.1, even when the lubricant film is only few
nanometres thick. For un-lubricated/dry contact, pu is normally ~ 1.0.
Mechanisms which influence frictions are quite complex and its value can be
derived experimentally.

Frictional force arises from adhesive forces and deformation forces induced
by the abrasive ploughing nature of the harder asperities interacting with the
softer ones of the counter surface. Ploughing is developed when the
asperities of the harder material embed across the surface of the softer
material, generating ploughing wear scars.

F = F adhesion * F Abrasion (11)

The adhesive force is related to the asperity contact which makes up the real
area of contact between surfaces and the junctions between them. The
shear strength of these junctions affects the level of friction. Adhesion is also
a result of intermolecular interactions that exist at the asperity contacts.

During the contact there is also a likelihood of chemical reactions, for
example oxidation. Oxidation can result in coherent films and their
composition can affect rate of friction. The shear strength of the asperities is
weakened due the presence of oxide layers and absorbed films on the metal
surfaces. Therefore lower adhesion resist contact motion and low friction
occurs. However when the oxide layer is partially removed higher adhesion
occurs on the newly exposed surfaces especially in soft ductile materials [51,
54].

2.5.2. Environmental Factors

The influences of environmental factors on tribo-corrosion are very system
dependent. Environmental conditions such as pH, dissolved oxygen, salinity,
temperatures and bio-fouling determine the rate and various types of tribo-
corrosion. They all can be time and system dependent. Bio-fouling is often
ignored but it can have detrimental effects. Among these factors,
temperature of the surface affects the rate of wear-corrosion. Many contacts
between surfaces in relative motions are caused in an increased heating of
the contact regions due to friction. Temperature affects pH, solubility of
gases (i.e. oxygen, carbon dioxide), ionic species and diffusion rate of the
reactant species. Temperature also influences kinetics of oxidation on the
oxide-metal interface. Higher hydrogen diffusion occurs at elevated
temperatures, which result hydrogen embrittlement [51].

2.5.3. Tribo-films

Corrosion resistant materials in most cases depend on a thin surface film,
thus to provide a barrier between relatively active material and corrosive
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environment to retard corrosion. The morphology and mechanical properties
of these tribo-films depend upon the properties of the materials in contact.
These layers are not only consists of the materials removed from the
surfaces in contact, but contain corrosion products; wear debris and remains
of the passive film. During sliding wear the composition and thickness of
these films determine tribo-corrosion. Thickness of such film is mainly
dependent on time, temperature, interfacial potential and the concentration
of environment. Formation of these films in tens to hundreds of angstrom can
occur in less than one second. Surfaces become passive in the presence of
these films, but where the induction of solid particles and/or cavitation has
taken place in fluid machinery flows this film can be removed by mechanical
wear or bubble collapse/shockwave/ impingement processes. Where the film
is removed this allows the transfer of charge at the interface without any
restriction. Compositional changes and the presence of stresses affect the
stability of the film. In addition the density and hardness of the film on the
surface will affect the micro-contact mechanics of the tribological processes
[51, 55, 56].

2.6. Cracks

Materials subjected to fluctuating loading and unloading cause fatigue.
Loads above a certain threshold will result in minute cracks in the materials
and their continuation to a critical size could lead to a sudden fracture in the
structures. In such cases number of cracks can be formed depending on the
grain boundaries, defects in the microstructures and any other non-metallic
inclusions in the materials. The most common forms are fatigue cracks, SSC
cracks and hydrogen induced cracking [57, 58].

2.7. Stresses

In a deformable body the average force on a unit area is called stress in
mechanics. External forces applied on the surface result internal forces
among the particles of the deformable body. These internal forces are
distributed continuously within the volume of the material body. The volume
of these forces could cause deformation in the shape of the structure if
exceed the material strength [59]. Machining, uneven cooling, heat
treatment and welding induce type of stress known as residual stress. This
mode of stress remain in the body even after the original cause is removed
which could lead to premature failures [60, 61]. Other forms of stresses such
as tensile, compressive and shear stresses can also result deformation in
the shape of the bodies.
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Chapter 3 Methodologies for Research

This chapter documents research methods, deployed to conduct this
research work. In the first part a case study of 20 vehicles is presented
shown in Table: 3.1. In the second part samples were collected from 6
military tanks for experimental research shown in Table: 3.2. Two aspects of
aging corrosion and wear are given consideration.
Corrosion

o Case Study

e Optical Microscopy

e X-ray fluorescence (XRF)

e Ultrasonic Scanning (US)

e Scanning Electron Microscopy (SEM)

e Energy Dispersive X-ray Spectroscopy (EDS)

e White light Interferometry

e Simulated Environmental Corrosion Testing (SET)

e Prohesion (ASTM G 85 A5) Corrosion Test

e Corrosion Quantification and Image Analysis

e Tiger 1 Engine and King Tiger's Gear Box Analysis

e Optical Microscopy

e Wave Length Dispersive X-ray Fluorescence (WDXRF)
e White Light Interferometry

3.1. Case Study of The Tank Museum Vehicles

Corrosion can be classified as one of the major contributor to structural aging
of the military tanks. For this reason twenty vehicles were surveyed for signs
of corrosion and other associated risks shown in Table: 3.1. The case study
revealed that several types of corrosion were prevalent and some vehicles
displaying severe corrosion problems in their structures.
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Table: 3.1 Vehicles Survey for signs of Corrosion and other Aging Mechanisms

No Vehicle Environment Manufacture Country of Origin Wars
1 Mark 1 1916 United Kingdom WW 1
2 Mark 1l 1917 United Kingdom WW 1
4 Char Renault FT17 1917 France WW1
5 Medium Mark- A Whippet 1917 United Kingdom WW 1
6 Mark V 1918 United kingdom WW 1
7 Mark VIl 1918 United Kingdom & USA WW 1
8 Comet 1944 United Kingdom WW 2
9 Centurion Uncontrolled 1945 United Kingdom WW 2
10 Sherman M4A1 ™ 1940-1941 United States WW 2
11 Tog ll 1941 United kingdom WwW2
12 Covenanter 1941 United Kingdom WW 2
13 Tiger 1* 1943 Nazi Germany WW 2
14 King Tiger * 1943 Nazi Germany WW 2
15 Wolverine - M10 * 1943 United States WW 2
16 Jagdpanzer 1944 Nazi Germany WwWw2
17 Centaur A27L * Unco,ntr’olled 1945 United Kingdom Post war
18 Scorpion 1973 United Kingdom Post War
19 FV 401 Cambridge Carrier ? United Kingdom ?
20 Leopard Running 1966 Germany Post war

Chapter 3

*On 5 tanks from this table experimental research was also conducted.
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3.2. Sample Selection for Corrosion and Wear Evaluation

Sample collection from the tanks was a big challenge. Non-destructive
testing and evaluation (NDT/E) research methods were given priority in
conducting experimental research work. However NDT/E options were
limited for extensive analyses and therefore the use of some destructive
research methods were inevitable. Every effort was made to follow The Tank
Museum guidelines when handling samples.

The Tank Museum Bovington has almost 300 military tanks; accordingly for
a comparative research it was important to collect samples from
representative vehicles. Samples were collected from six military tanks
shown in Table: 3.2. The approximate location of the samples is also
indicated in Appendix B. Since the environment plays a vital role in
corrosion, therefore environmental exposure of the vehicles’ is taken in to
account. Samples preparation has been explained in the relevant sections. A
brief introduction of each tank is given below. Moreover Appendix B shows a
brief introduction of the tank structure.
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Table: 3.2 List of Samples Collected for Material characterisation, Ultrasonic Corrosion Mapping, Corrosion Assessment and Wear Analysis

Country of

Sample Description\

No Tank Environment | Manufacture Qg Era Locatign Indicative Sample Locations
1 | Wolverine | o ontronied | 1942-43 us | wwy | Patfrom Inside
-M10 Armour
Wolverine Part from the
2 -M10 Controlled 1942-43 us WwiI Turret
Sherman- - Partfrom the
3 M4A 1 Transitional 1941-42 us Wwil A——
Cataiis Part fromthe
4 A27L Uncontrolled 1942-45 UK WWiII Armoured Skirt
near Sprocket
1st Inspection
5 | BT-R60 | Uncontrolled 1960-76 USSR Gulf Compartment
War Cover
: z Nazi
6 | KingTiger | Controlled 1943-45 Germany WWII | Part of Bulkhead 4
Nézi 2 Pistons -1
7 Tiger 1 Transitional 1941-45 G Wwil Original &1
ermany
Replacement
Nazi 2Liners-1
8 Tiger 1 Transitional 1941-45 Germany WwiI Original & 1 Image - http:/#/science howstuffworks com/m-4-sherman-

Replacement

medium-tank htm (©2007 Publications International, Ltd.
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3.2.1. M10 Tank Destroyer (Wolverine)

M10 went in to production in the USA by Grand Blanc Arsenal/General
Motors around 1942-43. It was designed to disrupt armoured attack and was
one of the main armaments of the US army’s tank destroyer battalions. M10
was later used by the British Army during WW Il who named it to Wolverine
[62, 63]. It is stationed inside the museum in a controlled environment
permanently with no exposure to any harsh weather such as rain and
changing temperatures etc. The overall corrosion damage to the vehicle can
be rated at medium-low risk.

3.2.2. Sherman Main Battle Tank (M4Al)

Sherman M4Al was designed by Lima Locomotives in 1941-1942 in the
USA and was used by British army during WW 1l [62, 63]. It is one of the
oldest examples in the museum collections of Sherman to survive. This
Sherman was provided by Royal Armoured Corps Gunnery School, Lulworth
Camp United Kingdom in 1955 to the museum. This tank operated
occasionally and is now inside the museum in a controlled environment.
Intermittent change in environments along with other operational risks could
lead to significant failures. Corrosion in general can be classified as medium-
low threat to this vehicle.

3.2.3. Centaur Main Battle Tank (A27L)

Centaur was manufactured by Leyland Motors Ltd in the United Kingdom
during 1942-1945 and served in WW Il [62, 63]. This tank was given to the
museum by the Ministry of Defence (MOD) in 1994. Its current location is
outside the museum exposed to changing environments, temperature
fluctuations and variable humidity. This vehicle is severely corroded and the
deterioration of the structure is in high state. The risk of corrosion to structure
of this tank can be categorised as high.

3.2.4. Brone - Transporter Armoured Transport (BT - R 60)

Brone-transporter Armoured Transport 60 (BT - R 60) was manufactured by
Gorkovsky Avtomobilny Zavod in the former USSR during 1960-1963. It is
one of the most widely used personnel carriers. It remained in production till
1976 [63]. It was captured during the First Gulf War. This vehicle is outside
the museum and is exposed to uncontrolled environment. It is severely
corroding too.

3.2.5. King Tiger Main Battle Tank

Sd Kfz 182 Panzerkampfwagen VI Ausf B was the official German name for
King Tiger and is also known as Tiger Il. King Tiger was designed/
Manufactured by Henschel & Son during 1943-1945 in the Nazi Germany. Its
first place of action was Normandy in July 1944. The King Tiger was one of
the most powerful tanks to be deployed during the 2" World War; together
with the Panther it formed the lead of the German offensive in Ardennes [63,

Chapter 3 26



64]. The Gear Box of the King Tiger was disassembled after almost fifty
years for corrosion investigation.

3.2.6. Tigerl

It was a formidable German heavy tank designed by Henschel & Son in the
Nazi Germany. Panzerkampfwagen Tiger Ausf. E was the official German
designation for this tank but is commonly known as Tiger 1. The Tiger 1
engine is a Maybach HL 230 P 45. Tiger 1 participated in the 2" World War
against the former USSR and Allied Forces. It was captured in Tunisia and
was sent to the School of Tank Technology for evaluation. The Tiger 1 is
now kept in The Tank Museum and is the last operating Tiger in the World 2
[63]. Original and replacement pistons and cylinder liners were collected to
assess real-time wear in the piston-liner assembly.

2

http://www.tankmuseum.org/ixbin/indexplus? IXSS = IXMENU %3d%26ALL%3dm10%26 XA
CTION_ %3dsummary%26%252asform%3d%252fsearch_form%252fbovtm combined%26TYPE%3
darticle%26 IXFPEX %3dtemplates%252fsummary%252f& IXFIRST =3& IXSPFX =templates/f
ull/tvod/t& IXMAXHITS =1&submit-button=summary& IXSESSION =& IXMENU =Vehicles
(Access date 06/06/2013)
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3.3. Experimental Techniques and Samples’ Preparation

3.3.1. Optical Microscopy

Optical Microscopy was conducted using Olympus BX 60 shown in Figure:
3.1. Microscopy method was deployed for the surface analysis of corroded
samples and to analyse wear in the pistons and cylinder-liners. Optical
microscope uses visible light and a combination of lenses, which can be
used for the extensive surface analysis of samples. Microscope is fitted with
a digital camera to capture micrographs. The micrographs can be transferred
to the computer and can be displayed and effective surface measurements
can be obtained through the software.

—
http:/Awww. caeonline.com/listing/product/125750/0lympus-b x60m

Figure: 3.1 Olympus BX 60 Microscope

3.3.2. X-ray Fluorescence

3.3.2.1 Samples’ Preparation

X-ray fluorescence (XRF) was conducted on samples from the M10,
Sherman and Centaur. This method was conducted on the same prepared
samples discussed in ultrasonic scanning. These samples were corroded on
one side; other side however had paint protection. Each sample was
scanned for at least 30 seconds at three points on corroded (A, B, C), sand-
blasted (G, E, F ) and once on the cross sectioned (D) surfaces as shown in
Figure: 3.2.
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240 mm

Figure: 3.2 Points Locations for XRF Analysis on the Samples A, B, C are on the
Corroded Surface, G, F, E are on the Sandblasted Surface and D is at the Cross
Section.

3.3.2.2 XRF Process

Bruker S1 Turbo silicon drift detector (SSD) shown in Figure: 3.3 was
utilised. The S1 Turbo®® can be configured with calibrations that are
optimised for a variety of sample materials including a wide range of alloys
and various mining and environmental soil samples. S1 technical
specifications include a) Detector 10 mm? X-Flash SDD, peltier cooled, b)
resolution 145 eV at 100,000 cps c) X-ray Tube; Ag target with maximum
voltage of 40kV and d) five position motorised filtre changer®. XRF analysis
iIs a non-destructive method, used for the material characterisation. During
this process the samples are bombarded by an intense X-ray beam leading
to the emission of fluorescent x-rays. These emitted fluorescent x-rays can
then be detected by a wavelength dispersive or energy dispersive detector,
which identify elements of materials by measuring the energies of emitted x-
rays and counting number of the rays of each energy spectrum. SDD can be
used to analyse low alloy steel, stainless steel, tungsten alloys and light
elements such as magnesium, aluminium and silicon [65, 66].

3 http://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/handheld-xrf/s1-

turbo/technical-details.html (Access date 06/09/2013)
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IR Sample
Sensor

Figure: 3.3 Bruker S1 Turbo XRF Analyser

3.3.3. Ultrasonic Scanning for Corrosion Mapping

3.3.3.1 Sample Preparation

Samples from the M10, Sherman and Centaur shown in Figure: 3.2 were
sectioned to the required specifications. Sample conditioning was performed
to remove previously applied coating through sandblasting. Figure: 3.4 show
coating removal of the BT — R 60 sample. Sandblasting was performed on
coated side only using Guy-Son International Super - 4 with a tungsten
nozzle of 6.40 mm bore and at a pressure of 120 psi using fine industrial grit
to achieve viability for ultrasonic scanning. During ultrasonic scan, the test
object surface must be able to transmit ultrasound waves while employing
this method. The requisite dimensions of the sample for our research were to
have at least minimum of 2-3 mm remaining thickness, with considerable
widths and lengths.
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- BT=R60 Before Sandblasting™3

Figure: 3.4 BT - R 60 Tank Sample

3.3.3.2 Experimental Set-up

Ultrasonic scanning was performed on three samples 1, 3 and 4 from the
M10, Sherman and Centaur shown in Figure: 3.2, King Tiger and BT — R 60
using pulse echo method followed by phased array scanning. This method
uses pulse-waves with a frequency range from 0.1 to 15 MHz to measure
thickness loss, cracks and other dimensional anomalies in the test objects.
Ultrasonic systems mainly consist of a transducer, pulser, receiver,
transmitter and display equipment. The transducer works both as a receiver
and transmitter for a pulse echo system and is separated from the test object
through a coupling medium such as water or oil during operation. Transducer
produces sound waves which propagates through the medium and reflects
back to display device after striking a discontinuity. The reflected wave signal
is transformed in to an electrical signal by a transducer and the results can
then be seen on the display screen [67, 68].

Corrosion mapping was conducted using TD Focus-Scan, a multifunction
ultrasonic inspection system shown in Figure: 3.5. The system is designed to
map corrosion using multichannel Phased Array, Time of Flight Diffraction
(ToFD) and Pulse Echo techniques. The corrosion mapping kit included the
following components®.

1. TD focus scan

2. Video camera with infrared filtre

3. Infrared LED

4. Twin crystal and phased array probes

* http://www.agr.com (accessed: 04.11.2010)
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5. Camera tripod
6. Celesco single axis encoder for phased array probe

- Video Camera

Tripod

- TDFocus Scan

Phased Array
Probhe

Lubricant - Twin Crystal Probe

Figure: 3.5 Experimental Setup of Ultrasonic Scanning

Twin crystal probe and video tracking system were calibrated and the probe
position was determined by placing the LED cup on top of the probe for
pulse echo. CCD (charged coupled device) camera detects and follows the
movement of probe on which the LED is mounted. Positional calibration was
checked by moving the probe alongside the measurement scale. This
ensures that the position of probe is registered correctly when the scan
starts. Also it is vital to keep the line-of-site intact between the LED and
camera. Data was collected every 2.00 mm on every sample.

Second ultrasonic scan was conducted, using a 64 element phased array
probe using a 0° Roxelite wedge. Phased array transducer consists of a
number of individually connected piezo-electric elements. In a multi-element
probe the elements are excited individually or in groups using electrical
pulses. The excitation of multiple piezo-composite elements individually in a
sequence at slight time intervals generates packets of energy that are
strengthened by constructive interference to form a wave front. Ultrasonic
beam parameters such as angle, focal distance and focal size are
dynamically altered through the software. The reflected energy or echo from
a desired target hits the various transducer elements at computable time
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delays. The echoes received by each element are time-shifted before being
summed together for further analysis [68].

For phased array scanning positional recording was calibrated using Celesco
SP1 string pot encoder’. The linear measurement device utilizes a flexible
cable, a spring loaded spool and a potentiometer. This measurement device
was then attached to the phased array probe. Displacement of the probe
was verified with a measurement scale to ensure that the position of probe
was registered correctly. Data collection was performed every 1.00 mm. In
order to efficiently transmit the energy from the probe to the test object,
Sona-Gel W1 ultrasonic couplant® was used. The product works effectively
on uneven, rough and pitted metal surfaces allowing a smooth probe
movement without losing signal during scan.

3.3.4. Scanning Electron Microscopy

3.3.4.1 Sample Preparation

Sectioning of the samples from the M10, Sherman and Centaur were
performed and mounted in Bakelite. Polishing of the cross sections was
performed using SiC abrasive grinding papers of various grades in order to
create, flat and defect free surface for scanning electron microscopy (SEM).
Samples were conditioned with a diamond suspension spray of 3um, rinsed
with water and then dried. No chemical treatment on the samples was
performed. For surface corrosion analyses SEM was performed on corroded
surfaces of the samples without any polishing, surface conditioning and
without any mounting in Bakelite.

3.3.4.2 Test Procedure

SEM was conducted on state-of-the-art Zeiss EVO LS 15 shown in Figure:
3.6. This method proved to be extremely useful to understand corrosion
behaviour and its morphology on the tanks’ surfaces.

SEM is used for the examination and analysis of the micro-structural
characteristics of the solid objects in high resolution. The examination area is
irradiated with finely focused electron beam, which scans the entire surface
point by point on the test object. The incident electron beam at a point result
emitted electrons, which can be further classified into two types (i) secondary
electrons and (i) back-scattered electrons. These emitted electrons
determine the external morphology and the grain structure with its orientation
of the materials. Secondary electrons with its low energy (less than 50eV)
emitted from the surface produces the SEM images where as back-scattered
electrons emitted deep from within the sample with high energy determine
the material’s grain structures [69-71].

3.3.5. Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS )analysis was conducted at the
Zeiss EVO LS 15 fitted with Oxford Instrument X-Max 80 mm? EDS detector

% http://www.celesco.com (Access date: 06.09.2013)
® http://www.sonatest.com (Access date: 06.09.2013)
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shown in Figure: 3.6. EDS was performed on the same samples used for the
SEM. Through EDS corrosion products were identified.

Emitted x-rays from a sample’s surface because of the bombardment of
electron beam during SEM are characterised by EDS, to obtain the chemical
microanalysis and the elemental composition of the analysed volume. EDS
measures the number of emitted x-rays against their energy. Energy of x-ray
Is the characteristic of the element from which the x-rays were emitted.
Elements such as (Be) and (U) atomic numbers 4 and 92 respectively can
also be detected and analysed. A qualitative and quantitative determination
of the elements is obtained and evaluated from the energy spectrum versus
relative counts of the detected x-rays [69-71] .

Corrosion Morphology Results

Figure: 3.6 Zeiss EVO LS 15

3.3.6. Simulated Environmental Corrosion Testing

3.3.6.1 Sample Preparation

Samples collected from the M10, Sherman and Centaur shown in Figure: 3.2
were sectioned for this test. Twelve samples of approximately (4 cm X 3cm)
dimension shown in Figure: 3.7 were prepared. Samples location and
description is provided in Table: 3.2. Also surface profile specifications are
given in Table: 3.3. These samples were previously corroded, thus corrosion
from the surfaces was effectively removed using SiC papers of different
grades. Samples were polished to a good standard to achieve surface
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uniformity, rinsed with water and no chemicals were utilised during
preparation.

Centaur's Sample Surface Fin‘ifh

8 —Side View

Figure: 3.7 Centaur’'s Sample Finish for Simulated and Accelerated Corrosion Tests
(a) Surface Finish (b) Side View and the dimension of the same sample

Table: 3.3 Centaur Sample Roughness Profile after Preparation

Serialno Specifications Value
1 Peak to Valley (PV) 9.501 ym
2 Root Square Mean Value (rms) 0.245 pm
3 Average Roughness (Ra) 0.193 pm
4 Size X 0.36 mm
5 Size Y 0.27 mm
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3.3.6.2 Test Conditions

Simulated environment tests were conducted using environmental chamber
TAS LT CL 600 shown in Figure: 3.8.

A set of simulated environments were designed taking into account the
comfort level of museum visitors and to avoid wet-dry cycles in the museum
[72, 73]. Four samples from each tank the M10, Sherman and Centaur were
inserted into the chamber simultaneously for 125 hours to selected
temperatures and relative humidity (RH) illustrated in Table: 3.4.

Table: 3.4 Test Conditions for Simulated Environment Corrosion Testing

TYPE OF VEHICLE
TESTCONDITION TESTCONDITION
M10 SHERMAN CENTAUR
Exposure Time for Exposure Time for
Each Condition feoH L tend Each Condition
35 35 35
Relative Humidity o
(%) AT18°C
55 55 55
- 8 ° AT40% Relative
Temperature °C Humidit
25 25 25 y

Each condition shown in Table: 3.4 was operated for 125 hours. In first part of
the test, temperature of the chamber was kept constant at 18°C and two
values of RH 35% and 55% were used consecutively for 125 hours each. In
second part of the environmental test, RH was kept constant at 40% and two
temperatures 5°C and 25°C were used consecutively for 125 hours.

e

Figure: 3.8 TAS ECO 135 and Series 3 MTCL 600
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3.3.7. Prohesion (ASTM G 85 A5) Corrosion Test

3.3.7.1 Sample Preparation

Prohesion test was conducted on 23 samples shown in Table: 3.5 to
evaluate the viability of materials, coating and primer. Twenty three samples
of required dimension were prepared. Three samples from the M10,
Sherman and Centaur were polished with SiC papers without using any
chemicals, to remove previous corrosion and to achieve surface uniformity.
In order to replicate conditions at the museum ten samples were painted with
the coating and ten in the primer. The coating currently used on the tanks
surfaces is Air Drying Alkyd (Electrostatic Thinner) and the primer is red-
oxide zinc phosphate (Electrostatic Thinner). The dry film thickness (DFT) for
both coating and primer was kept approximately 25 pm respectively
(minimum recommended thickness by the manufacturer). In Figure: 3.9 film
thickness of the primer is shown. The drying was conducted at room
temperature and conditions for a minimum of 4 Hours in the Tank Museum
workshop

Figure: 3.9 Primer Red -oxide approximately 25 um Dry Film Thickness

3.3.7.2 Test Conditions

Dilute Cyclic Salt Fog/Dry (ASTM G 85 Annex 5) also known as Prohesion
Test is particularly applicable to paints on steel surfaces. This test provides
good correlation with real time exposure tests, particularly in areas where
airborne contaminants such as nitrates and sulphides are present. ASTM G
85 A5 is in practice in the Society of Automotive engineers (SAE), American
Iron and Steel Institute (AISI) for automotive applications’ and is used in
researches to simulate actual atmospheric corrosion at the laboratory level
[74-77].

In this test the electrolyte is a solution of NaCl (0.05%) and (NH,4)>,SO,)
(0.35%) by mass. pH of the solution should be kept between 5.0 and 5.40.
The wet/dry cycle consists of 1 hour fog and 1 hour dry off. The fog portion of
this test is conducted at ambient room temperature (24 + 3°C) and
conditions. The dry-off portion, however, is performed at an elevated
temperature (35 °C). The temperature throughout the exposure zone during

" http://www.qualityinstruments.com.mx/pdf/Q-Fog-LF-8144 2 web.pdf (Access date: 06/09/2013)
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the dry-off phase is constant at (35 £ 1.5°C) within 34 - hr of switching from
the fog period to the dry period. The dry-off is achieved by purging the
chamber with fresh air, such that all visible moisture should dry-off in ¥%-h
[75].

Samples (23 in total) were inserted in Q FOG?® cyclic corrosion chamber
shown in Figure: 3.10 at the same time, test conditions are provided in
Table: 3.5. First set (bare samples) were taken out from the chamber after
48 hours of exposure, the second set at 72 hour while the last was at 264™
hour.

Lid Vent i

Controller
Solution
Resemwoir

Compressed
Air In

Chamber
Heater

- —

"—> -—J

Solution
To Pump

Figure: 3.10 Q FOG Cyclic Corrosion Test Chamber

® http://www.g-lab.com/en-us/products/g-fog-cyclic-corrosion-chamber/g-fog-ssp-cct (Access date:
06/09/2013)

Chapter 3 38


http://www.q-lab.com/en-us/products/q-fog-cyclic-corrosion-chamber/q-fog-ssp-cct

Sample
Condition

Test Condition

No of hours

Chapter 3

Samples without Protection ‘

ASTM G 85 Annex A5

48

264

Table: 3.5 Samples' Exposure to ASTM G 85 A5

Samples Painted in Coat (Colour Green) ‘

ASTM G 85 Annex A5

144 | 168 ‘ 192 | 216 240

Samples Painted in Primer (Colour Red)

ASTM G 85 Annex A9

120 | 144 | 168 216 | 240
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3.3.8. Corrosion Quantification and Image Analysis

Corrosion was accumulated on the samples after exposure to both simulated
environmental and prohesion corrosion tests. Extremely complex
morphology was observed in the accumulated corrosion. First high definition
images of the samples were taken using Nikon D7000 fitted with Sigma EX
105 mm DG Macro lens shown in Figure: 3.11, secondly these high
definition images were analysed through Adobe Photoshop CS5 to quantify
corrosion build-up areas.

Figure: 3.11 Nikon D7000 Fitted With Sigma EX 105 mm DG Macro
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3.4. Tiger 1 Engine and King Tiger’s Gear Box Analysis

Tiger 1 engine and King Tiger’'s gear box were disassembled in August 2010
for the purpose of any prevailing corrosion and tribological issues. Results
from visual analysis identified various modes of failures which are provided
in chapter 4. Original and replacement piston and cylinder- liner were
collected from the Tiger’s 1 engine.

3.5. Wave Length Dispersive X-ray Fluorescence

3.5.1. Sample Preparation

Materials’ characterisation of the pistons and cylinder-liners was obtained
through XRF and Wave Length Dispersive X-Ray Fluorescence (WD-XRF).
XRF was conducted on the surfaces of each component. For WD-XRF, a
piece measuring approximately 1 cm? was taken from each piston and
cylinder-liner. In this state-of-the-art method the materials’ characterisation of
the original piston and cylinder-liner manufactured during the 2" World War,
and that of the replacement piston and cylinder-liner, used as a replacement
in the Tiger 1 engine was obtained.

3.5.2. WD - XRF Process

Material characterisation of the samples was conducted using a PANalytical
Axios wavelength dispersive x-ray fluorescence spectrometer illustrated in
Figure: 3.12. The measurements were processed using PANalytical’'s
Omnian Standardless Software. WD - XRF is an elemental analysis
technique capable of determining the elemental content of various materials
including metals, oils, plastics and a variety of powder materials. The
standard measurement program takes approximately 20 minutes and
contains ten scans to cover the elements from fluorine (F) to uranium (U). All
major and trace elements quantitatively analysed.

Figure: 3.12 Axios ™ X-ray Fluorescence Spectrometer
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3.6. White Light Interferometry

Surface analyses of the pistons and cylinder-liners were conducted using
Zygo OMP — 0375G white light interferometer illustrated in Figure: 3.13.
White light interferometry is one of the novel methods to measure surface
roughness, shape and waviness of a few millimetres wide sample in a single
measurement. Surface roughness, pits and grooves depth, size and
periphery of the cracks and the volumes loss can be measured in 3D surface
mapping. MetroPro 8.3.3 software was utilised to measure 3D surface
defects.

Figure: 3.13 Zygo OMP - 0375G
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Chapter 4 Case Study of The Tank Museum Vehicles

This chapter documents case study results from twenty tanks described in
Table: 3.1. Each tank has its own characteristics in terms of manufacturing,
design and exposure in the wars. The case study presents corrosion in its
various modes and results from engine wear. In this chapter section 4.1
discusses mainly corrosion in its various forms in the vehicles, whereas
sections 4.2, 4.3 and 4.4 briefly introduces wear, cracks and stress related
iIssues in the museum vehicles.

4.1. Various Modes of Corrosion

During the case study of 20 vehicles (Table: 3.1), corrosion was identified as
one of the most important aging factors. Corrosion existed in the vehicles in
its various forms. Some observations are given below.

4.1.1. Uniform Corrosion

Uniform Corrosion was identified in King Tiger's flywheel Figure: 4.1, Tog Il
Figure: 4.2 and FT 17 Figure: 4.3. Flywheel of the King Tiger showed the
formation and propagation of this type of corrosion. Corrosion was not only
confined to flywheel but other gearbox components were also affected. Tog
Il shown in Figure: 4.2 were amongst the mostly affected tanks with this
mode of corrosion. Many part of the Tog Il were under attack and the area
occupied by corrosion was significant.

Figure: 4.1 King Tiger's Gear Box Flywheel Showing Signs of Uniform Corrosion
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Tog IFEntire Surface corresion

-

Figure: 4.2 Tog Il Surfaces Showing Signs of Uniform Corrosion

Renault FT 17 shown in Figure: 4.3, was also under the attack of general
corrosion. Corrosion on FT 17 is not severe, however if not treated it could
result in component degradation [11, 14, 23].
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Figure: 4.3 FT 17 Uniform Corrosion

Mark Il was affected considerably on larger scale through surface corrosion
shown in Figure: 4.4. The magnitude of corrosion damage to Mark Il
structure can be classified as high because majority of the tank structure

display accumulation of corrosion.

Figure: 4.4 Mark Il Uniform Corrosion
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4.1.2. Galvanic Corrosion

Galvanic corrosion was observed in the Scorpion shown in Figure: 4.5. The
washer and fastener have anodic characteristic and are corroding fast,
compare to the rest of the bulk surface.

Area of Anodic
Characteristics
- i
~ Area of Cathodi

‘Chargﬁtgtisticéé;, o f"sé:;?;ion Tank

Figure: 4.5 Scorpion Galvanic Corrosion of Washer on the Hull

Mark Il Figure: 4.6 also illustrate galvanic corrosion its structure. Bolts’ heads
show anodic behaviour whereas the rest of the bulk surface could act as
cathode. Mark Il endures severe corrosion in different forms.

Mark 11"

Anodic »
Charaeteristics

Figure: 4.6 Mark Il Glacis Plate Shows Galvanic Corrosion

In both of the above conditions the access of moisture on the surfaces will
create a conductive path for galvanic corrosion cycle to complete and
continue [29-31].
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4.1.3. Stress Corrosion Cracking

Stress corrosion cracking is one of the severe forms of corrosion and their
contributions to structures failures are significant. This mode of corrosion
was also indentified in the tank museum vehicles. Figure: 4.7 from the Mark
Il glacis plate shows stress corrosion crack penetrating through the surface
with no significant material loss on the surface. Also a sub-surface crack was
observed in sample collected from the armoured skirt of the Centaur shown
in Figure: 4.8. Surface and sub-surface cracks may lead to sudden
components failures in both vehicles. High degree of failures leading to
catastrophic structural damage may happen unexpectedly [21, 26, 78].

- -

Centaur Armoured SKirt

Figure: 4.8 Centaur Armoured Skirt Sub-surface SSC

4.1.4. Pitting Corrosion

The influence of corrosion was vast in the structure of the Centaur in various
modes. Corrosion was found in more than one form in the Centaur. These
forms of corrosion were actively degrading the Centaur individually and/or
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together. Corrosion mechanism was complex and extreme in the Centaur.
Among other forms pitting was also observed in the Centaur shown in
Figure: 4.9. Formation of pits were visible on the surfaces, red colour
indicate that pitting was progressive. The accumulation of corrosion deposits
can be noticed covering the actual pits. This large number of pits will risk the
Centaur’s integrity [32-35].

Figure: 4.9 Centaur Pitting in the Armoured Skirt

4.1.5. Inter-granular Corrosion

Centaur was badly affected from various corrosion modes. This form of
corrosion was also observed in its armoured skirt shown in Figure: 4.10.
Inter-granular (IGC) corrosion is a localised corrosion attack on or at the
grain boundaries propagating into the material. Anodic dissolution of the
grain boundaries is caused by a) regions depleted of alloying elements b)
second phase precipitates and/or c) regions with segregated alloying or
impurity elements. IGC reduces the toughness of the material at early stage
and fracture may occur as a result. Impurities and/or alloying elements at the
grain boundaries become galvanic elements due to difference in
concentrations. As a result a zone of less noble material in the grain
boundaries develops acting as an anode whereas the other parts become
cathodic. In CuAl, alloys precipitate at the grain boundaries may become
noble than the bulk material causing grain boundary attack [17, 29]. The
disintegration of materials through IGC in this form is also referred as leafing
or lifting effect. During this process corrosion deposits occupy larger surface
area taking the material apart. Figure: 4.11 show the exfoliation of the entire
structure leaving behind leaf like structure.
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Figure: 4.11 Centaur Inter-granular Corrosion in the Armoured Skirt

Steel alloys can be liable to inter-granular corrosion. In ferritic stainless steel
in addition to Cr carbides, Cr nitrides may be precipitated and thus contribute
to the depletion of Cr at the grain boundaries. Cr depletion is the most
common for steel alloys to initiate IGC. The degradation of grain boundaries
is known as sensitisation, which is the result of chromium rich phases i.e.
carbides, nitrides or inter-metallic phases. IGC develops at these chromium
depleted regions when the sensitised stainless steel is exposed to oxidising
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media. In ferritic steel IGC can occur at a wider spectrum of environments
[29, 79].

4.1.6. Corrosion Fatigue

Corrosion fatigue failure was observed in the structure of Mark Il shown in
Figure: 4.12. This mode of failure is often the result of fatigue accelerated
and simulated by corrosion. Fatigue under corrosion may reveal beach
marks but usually they may be less visible due to corrosion products on the
affected surface [17, 38]. In the Mark IlI, a long crack with noticeable
widening and size was observed. The crack appears to be initiated as a
result of “dry fatigue”. There is a lower limit for stresses causing fatigue in
structural steels under dry fatigue known as fatigue limit. When corrosion is
introduced two effects can be developed a) the number of cycles to fracture
decreases and fatigue limit is reduced, and b) the number of cycles to
fracture becomes dependent on load frequency. The crack development can
be divided into four stages 1) Initiation 2) Crack growth stage I, with crack
growth direction about 45° relative to the tensile stress direction 3) Crack
growth stage Il and 4) Fracture. Figure: 4.12 of the Mark Il appear to be a
facture. Growth of cracks is expected under corrosive environment and in the
presence of cyclic loading [17, 39-41].

rkll Structure

Figure: 4.12 Mark Il Corrosion Fatigue

An empirical model is used to predict fatigue crack life using Paris-Erdogan
law). Under stress fatigue regime it associates stress intensity factor range to
sub-critical growth.

da/ dN = C AK™ 12)
In this equation ‘a’ denotes crack length; ‘N’ is the number load cycles, ‘C’
and ‘m’ are materials’ constant, and AK is the range of the stress intensity

factor. Range of stress intensity factor (AK) is obtained by the following
equation.

AK = K max = K min (13)
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K max and K min represent maximum and minimum intensity factors. This
model is helpful to predict residual life for the crack [80].

4.1.7. Microbial Corrosion

Microbial corrosion is referred to the degradation of metals because of the
activities of the bio-organisms. Micro and macro organism in various
environments, such as industrial, seawater, soils, and natural petroleum
products contribute to corrosion. Figure: 4.13 of the Sherman outside the
museum in an uncontrolled environment shows accumulation of moss and
vegetation on its surfaces. In such environment the growth and multiplication
of a wide range of microbial species is possible. This surface condition can
be a source of carbon food, nitrogen and phosphorous. Microbes
decompose organic and mineral matter and precipitate in the cycle of
carbon, nitrogen and sulphur. Many microbes can adapt to temperatures
between (-10°C) and 99°C, pH range of 0% to 10.5% and concentration of
oxygen between 0% to almost 100%. These species produces mineral and
organic acids leading to a corrosive environment on the surfaces [19, 81].
These species also form microbiological surface colonies and establish bio-
films. Such bio-films on the surfaces become corrosive and material degrade
rapidly [42-44].

Figure: 4.13 Sherman Target Tank - Accumulation of Moss and Vegetation could
result in Microbial Corrosion

The methods through which corrosion is increased by micro-organisms are:
1) Production of metabolites, 2) Destruction of protective layers, 3) Hydrogen
embrittlement, 4) Formation of concentration cells at the metal surface and,
in particular oxygen concentration cell 5) Modification of corrosion inhibitors
and 6) Stimulation of electrochemical reactions [82]. Such surface conditions
are not favourable for the tanks and it could lead to microbial corrosion.
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4.1.8. Crevice Corrosion

Crevice corrosion was identified in the Centaur, Centurion, Tiger 1, Comet,
Sherman, Renault FT 17, Lynx Reconnaissance and Medium Mark A -
Whippet. Figure: 4.14 an example of crevice corrosion in (a) Lynx (b)
Centurion and (c) Medium Mark A.

Lynx Reconnaissance - Bolt

(b)

Centurion Bolt

Figure: 4.14 Crevice Corrosion
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Figure: 4.15 FT 17 - Crevice Corrosion of Joints

The access of stagnant solution (moisture/water) has created micro-climate
in joints where the bolts were used. Figure: 4.14 (a) is an example of this
type of corrosion. Limited oxygen concentration at the shank and pitch
compare to the external surface (bulk environment) where oxygen
concentration is more resulted crevice corrosion. Reduction of oxygen starts
to occur in the crevice area giving it a cathodic behaviour; oxygen content on
the surface is however more on the external surface giving it a cathodic
character. This form of corrosion results from the environmental difference
on the same surface/component and can be aggressive [14, 18]. Figure:
4.15 shows crevice corrosion of the a) bolt and b) joints in FT 17. In these
joints it appears that the gap was wide enough for liquid to penetrate into the
crevice. This liquid remained stagnant in the crevices resulting in corrosion.
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4.2. Wear

Tiger's engine piston Figure: 4.16 and connecting rod Figure: 4.17 show
wear scars due to mechanical surface interactions. Scuffing is visible on the
piston’s surface and surface integrity has been lost completely [83]. Materials
composition, failure in lubricants and elevated temperatures play a vital role
in such failures. Wear of Tiger 1 pistons and cylinder-liners has been
discussed in more detail in chapter 8.

Figure: 4.17 Tiger 1 Piston Connecting Rod

4.3. Cracks

Various types of cracks were identified in some vehicles. Mark Il glacis plate
Figure: 4.18 and Jagdpanzer's armoured skirt Figure: 4.19 were mostly
affected by various types of cracks. The cracks are converted into fractures,
their sizes are considerably large and would cause rupture in the structures.
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Figure: 4.19 Jagdpanzer signs of Stress Corrosion Cracking in its Track Guard

4.4. Stresses

Stresses are major contributors to the aging of large metal structures and
were noticed in some tanks. Compressive stresses were observed in
Jadgepanther (Figure: 4.20) and Challenger 2 (Figure: 4.21). The body
weight has causing enormous stress on the suspension of the vehicles.
Conventional methods to overcome these issues are in practice.
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Figure: 4.20 Jadgepanther

Challenger Il Suspension under Stress *

Figure: 4.21 Challenger Il
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4.5. Conclusions

All factors of aging exist in the tanks in The Tank Museum. Their impact on
the structural integrity was huge. Among other, corrosion is one of the major
dilemmas for the tank museum vehicles. The magnitude of corrosion is
different in many vehicles, which could be the result of their past operating
environment in different terrains and/or the current environment. Corrosion
was observed in many vehicles including WW1, 2 and recent conflicts.
Corrosion existed in its simple from (uniform corrosion) to severe forms of
corrosion such as stress corrosion cracking and pitting corrosion. The
occurrence of corrosion in the tanks is extremely complex. Damage caused
by corrosion is never restricted to one form acting alone, but various forms of
corrosion working together. The overwhelming phenomenon of corrosion is
matter of serious concern, the damage is visible and the enormity is rising.
Corrosion also manipulates many forms of failures when combined with
stresses as shown in Figure: 4.20 by reducing any endeavours of extension
of life or conservation. Continuation of the corrosion problems will immensely
affect tanks’ structures and the result could be devastating if allowed to
continue.

Wear was also an important factor towards component failures. Tiger 1
engine showed tribological related issues in its various components as
shown in Figure: 4.16 and Figure: 4.17. Tiger 1 operates occasionally; when
it is stationary there is a possibility of corrosion build-up in the engine, an
example is shown in Figure: 4.22 of the Tiger 1 cylinder-liner. Corrosion and
wear together will have a detrimental impact on the engine performance.
High rate of wear occurs initially when the engine starts to function and/or
when engine operates cold or extremely hot. The combine damage of
corrosion and wear “corrosive wear” will be significant for the Tiger's engine
components [84]. In dry contact conditions when engine starts to function will
further facilitate failures.

Tiger 1 Cylinder-Liner

Figure: 4.22 Tiger 1 Corrosion Build-up in the Cylinder - Liner
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Structural deformation due to component failures was also observed in some
vehicles in the museum. The King Tiger shown in Figure: 4.23.

King Tiger

ot

Structural Deformation: through:Compenent Failure

Figure: 4.23 King Tiger - Structural Deformation due to Component Failure

These aging mechanisms alone, or in combination will play a significant role
in the deterioration of tanks in the tank museum.
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Chapter 5 Materials Characterisation

This chapter presents elemental identification of the alloys’ samples
collected from the M10, Sherman, Centaur, original and replacement pistons
and cylinder-liners of the Tiger 1. Through XRF alloy composition was
obtained for the samples from M10, Sherman and Centaur shown in Figure:
3.2 with exact point locations. Sample full description is also provided in
Table: 3.2 WD - XRF was conducted to identify elemental composition of the
pistons and cylinder-liners of the Tiger 1.

The Materials composition which was originally specified for the pre/during
2" World War was obtained and the nearest materials standards were
indentified.

5.1. Material Characterisation

5.1.1. M10 Tank Destroyer Sample - 1

Table: 5.1 illustrate the XRF results of three points A, B and C on the
corroded surface of the M10 military tank. The highest constituent on
average was Fe (97.67%), second highest was Si (1.17%) while the lowest
recorded was Ni (0.03%) and no trace of W was found.

Table: 5.1 M10 Sample -1 XRF of Corroded Surface at Points A, B and C

Vehicle Type:M10
Sample-1 Surface: Corroded
Time duration: 30 seconds MQ for points: A=9.80B=9.70 C =9.80
Material Standard 06 American 06 American 06 American
Constituents % A - Reading 262 B - Reading 263 C -Reading 264
1 Si 0.73 1.93 0.85
2 P 0.01 0.11 0.02
3 Ti 0.10 0.09 0.10
4 Vv 0.04 0.03 0.05
5 Cr 0.08 0.07 0.09
6 Mn 049 049 045
7 Fe 98.14 96.79 98.1
8 Co 0.18 0.22 0.00
9 Ni 0.03 0.04 0.02
10 Cu 0.04 0.03 0.04
1 Mo 0.05 0.06 0.06
12 W 0.00 0.00 0.00

Figure: 5.1 illustrate XRF results of location D (cross section) of the same
sample. Highest component at the cross section was Fe (99.06%). Si
(0.13%) was the second highest with no traces of Ti, V, Co and W.
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Figure: 5.1 M10 Sample -1 XRF at Cross Section Point D

Table: 5.2 illustrate XRF results of the three points E, F and G at the
sandblasted surface. On averages Fe (98.16%) was the highest; Si (1.09%)
was the second highest and trace of V (0.01%) was identified.

Table: 5.2 M10 Sample - 1XRF results of Sand Blasted Surface Points E, F and G

Sample- 1 Surface: Sand Blasted
Time duration: 30 seconds MQ for points:E=9.80 F =9.80 G = 9.80
Material Standard 06 American 06 American 06 American
Sho Constituents % Point- E Point- F Point- G

1 Si 1.17 0.93 1.17

2 P 0.02 0.01 0.01

3 Ti 0.04 0.04 0.04

4 V 0.01 0.00 0.01

5 Cr 0.07 0.06 0.07

6 Mn 0.38 0.37 0.34

7 Fe 98.16 98.23 98.10

8 Co 0.00 0.10 0.00

9 Ni 0.00 0.00 0.04

10 Cu 0.07 0.07 0.08

11 Mo 0.05 0.05 0.05

12 W 0.02 0.03 0.03

Chapter 5

60



5.1.2.

M10 Tank Destroyer Sample - 2

Table: 5.3 show XRF results for points A, B and C. On average the highest
element was Fe (96.01%), and Si (1.746%) was the second highest. The
lowest recorded was Ni (0.016%) and no trace of W.

Table: 5.3 M10 Sample - 2 XRF Analysis of Corroded Surface at Points A, B and C

Sample- 2 Surface: Corroded Surface
Time duration: 30 seconds MQ for points: A=8.10B =8.50 C =8.80
Material Standard S5 American S5 American S5 American
Sno Constituents % Point- A Point- B Point- C
1 Si 1.29 1.86 2.09
P 0 0.04 0

3 Ti 0.18 0.22 0.23

4 \ 0.07 0.07 0.07

5 Cr 0.21 0.25 0.25

6 Mn 042 0.37 0.38

7 Fe 96.62 95.65 95.76

8 Co 0 0.15 0

9 Ni 0.02 0 0.03

10 Cu 0.04 0.04 0.05

1 Mo 0.06 0.06 0.06

12 w 0 0 0

Figure: 5.2 illustrate results of point D at the cross section. Analysis showed
Fe (99.40%) the highest constituent, Cu (0.07%) the second highest and Mo

(0.05%) the third highest.
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Figure: 5.2 M10 Sample - 2 XRF of Cross Section at Point D
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Table: 5.4 show XRF results of the sandblasted surface at three points E, F
and G. On average Fe (98.73%) was the highest, Si (0.66%) was the second
highest and Mn (0.306%) was the third highest. Traces of W and Mo were

detected too.

Table: 5.4 M10 Sample - 2 XRF of Sand Blasted Surface E, F and G

Sample- 2 Surface: Sand Blasted
Time duration: 30 seconds MQ for points: E=9.80 F =9.80 G = 9.80
Material Standard 06 American 06 American 06 American
Sno | Constituents % Point- E Point -F Point- G

1 Si 0.74 0.65 0.59

2 P 0.01 0.01 0.02

3 Ti 0.03 0.02 0.02

4 \ 0.00 0.01 0.01

5 Cr 0.00 0.01 0.00

6 Mn 0.32 0.31 0.29

7 Fe 98.72 98.72 98.77

8 Co 0.00 0.00 0.00

9 Ni 0.00 0.03 0.02

10 Cu 0.06 0.09 0.08

1 Mo 0.06 0.05 0.05

12 W 0.02 0.03 0.02

5.1.3. Sherman Military Tank Sample - 3

Table: 5.5 show results of the points A, B and C on the corroded surface. On
averages Fe (92.07%) was the highest, second highest was Si (5.39%), Mn

(0.91%) was third and lowest was Cu with trace of 0.04%.
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Table: 5.5 Sherman Sample - 3 XRF of Corroded Surface A, B and C

Sample- 3 Surface: Corroded

Time duration: 30 seconds MQ for points: A=5.70B =4.50 C =4.60
Material Standard 06 American 06 American 06 American
sno | Constituents % Location- A Location- B Location- C

1 Si 4.89 5.92 5.38

2 P 046 0.54 0.85

3 Ti 0.19 0.19 0.2

4 \ 0.05 0.05 0.05

5 Cr 0.11 0.08 0.09

6 Mn 0.86 1.11 0.78

7 Fe 92.68 91.48 92.05

8 Co 0.21 0.22 0.12

9 Ni 0.06 0.08 0.1

10 Cu 0.05 0.03 0.04

11 Mo 0.05 0.06 0.06

12 W 0.33 0.2 0.12

Figure: 5.3 show results of XRF performed at point D at the cross section. Fe
(98.30%) was highest, second highest was Si (0.65%) and Mn (0.63%) was
third. Traces of Ti, V, Co and Mo were identified.
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Figure: 5.3 Sherman Sample - 3 XRF of Cross Section at Point D

Table: 5.6 is the results of points E, F and G on the sandblasted surface. On
average Fe (98.12%) was highest, Mn (0.66%) second highest and Si
(0.59%) third highest. W (0.02%) was lowest and no traces of Co or V were
identified.
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Table: 5.6 Sherman Sample - 3 XRF of Sand Blasted Surface Points E, F and G

Sample-3 Surface: Sand Blasted
Time duration: 30 seconds MQ for points: E=9.80 F=9.80 G =9.80
Material Standard 06 American 06 American 06 American
Sho | Constituents % Point- E Point -F Point- G

1 Si 0 0.96 0.81

2 P 0 0.01 0.01

3 Ti 0.02 0.03 0.03

4 V 0 0 0

5 Cr 0.1 0.1 0.1

6 Mn 0.65 0.66 0.67

7 Fe 98.35 97.92 98.09

8 Co 0 0 0

9 Ni 0.04 0.04 0.06

10 Cu 0.05 0.06 0.08

1 Mo 0.05 0.05 0.05

12 W 0.03 0.01 0.02

5.1.4. Centaur A27L Main Battle Tank Sample - 4

Table: 5.7 illustrate XRF analysis of the three points A, B and C at corroded
surface. In this analysis on average Fe (92.25%) was the highest, Si (4.08%)
was the second highest while lowest were V (0.09%) and (W 0.03%)

respectively.
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Table: 5.7 Centaur Sample - 4 XRF Results of Corroded Surface at Points A, B and

C

Sample-4 Surface: Corroded
Time duration: 30 seconds MQ for points: A =6.20B=5.20 C = 6.60
Material Standard 43400rL6 43400rL6 43400rL6
Sno | Constituents % Point- A Point- B Point- C

1 Si 3.36 5.37 3.52

2 P 040 0.59 0.18

3 Ti 0.16 0.21 0.15

4 \Y 0.11 0.08 0.08

5 Cr 144 043 0.65

6 Mn 0.62 0.55 0.65

7 Fe 92.18 91.27 93.30

8 Co 0.11 0.18 0.13

9 Ni 0.88 0.70 0.72

10 Cu 0.09 0.06 0.04

11 Mo 0.63 0.52 0.55

12 W 0.02 0.04 0.03

Figure: 5.4 show XRF of point D at the cross section. Fe (95.82%) was the
highest; Cr (1.83%) was the second highest while P (0.05%) was lowest. No
traces of Ti, Co and W were found.
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Figure: 5.4 Centaur Sample - 4 XRF of Cross Section at Point D
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In Table: 5.8 XRF results of the sandblasted surface at three points E, F and
G are given. On average Fe (95.14%) was the highest, Cr (2.04%) was the
second highest and lowest was P (0.01%).

Table: 5.8 Centaur Sample - 4 XRF Results of Sand Blasted Surface E, F and G

Vehicle Type: Centaur- A27L
Sample-4 Surface: Sand Blasted
Time duration: 30 seconds MQ for points: E=9.30F= 9.10G =9.20
Material Standard 43400rL6 43400rL6 43400rL6
Sno | Constituents % Point- E Point- F Point- G
1 Si 0.57 0.57 0.74
2 P 0.01 0.02 0.01
3 Ti 0.04 0.05 0.05
4 V 0.09 0.12 0.10
5 Cr 1.88 2.23 2.01
6 Mn 049 0.56 0.57
7 Fe 95.49 94.94 94.99
8 Co 0.12 0.00 0.13
9 Ni 0.75 0.88 0.82
10 Cu 0.10 0.11 0.08
11 Mo 042 0.46 045
12 W 0.04 0.04 0.05

5.1.5. Tiger 1 Original and Replacement Pistons

Table: 5.9 illustrate elemental identification results of the Tiger’s original and
replacement pistons. Results revealed that the original piston was aluminium
silicon hyper-eutectic alloy whereas the replacement piston was aluminium
copper alloy with very low silicon (Si) content. Zinc (Zn), calcium (Ca),
chlorine (Cl) and sulphur (S) as residues, possibly transported as
contaminants by the lubricating oil, were also detected in the
characterisation.
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Table: 5.9 Tiger 1 Original and Replacement Pistons Characterisation Results

S.No Elements Original Piston  Replacement Piston

1 Al 72.81 92.39
2 Si 19.92 0.73
3 Cu 1.76 2.52
4 Fe 1.69 1.24
5 Ni 1.52 1.13
6 Mg 0.64 1.66
7 Cl 0.41 0.00
8 S 0.35 0.04
9 Na 0.20 0.00
10 K 0.18 0.00
11 Mn 0.08 0.06
12 Ti 0.09 0.05
13 Zn 0.06 0.04

5.1.6. Tiger 1 Original and Replacement Cylinder-liners

WD - XRF results to identify elements in both the original and replacement
cylinder liners are given in Table: 5.10. Results indicate in both liners Fe as
the main element which is indicative of being made of cast-iron, a common
alloy for such applications. Identification of elements such as Zn, Ca and S is
likely to be a residue of lubricating oil. Characterisations of the replacement
cylinder-liner revealed Fe and Si as the main elements.
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Table: 5.10 Tiger 1 of Original and Replacement liners WD-XRF Results

e e
p Fe 92.22 95.61
5 Si 2.75 2.30
3 Mn 047 0.58
4 Al 042 0.00
5 Mg 0.17 0.00
6 Mo 0.00 0.47
7 Cr 0.18 0.10
8 Cu 0.28 0.00
9 Ni 0.23 0.91
10 Ti 0.07 0.00
1 v 0.05 0.00
12 Ca 0.37 0.00
13 P 042 0.00
14 cl 0.08 0.00
15 s 0.18 0.00
16 zn 2.00 0.00
17 Pb 0.04 0.00
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5.2. Conclusions

5.2.1. M10, Sherman and Centaur

The main purpose of the material characterisation was to understand the
material which was processed and utilised in the manufacture of the tanks
during 2™ World War. Characterisation indicates low C steel for all the
samples examined.

Cross section of the Centaur A27L showed Fe the main element with Mn and
Cr the highest and approximately matches AISI 4000 series steel. For
Sherman M4Al and M10 the main alloying element was Mn and
approximately matches AISI 1000 series steel.

Alloying elements such as Mn, Cr, V, W and Mo, act as hardening agents
and improve hardness, ductility and tensile strength [85]. Mo was found in a
variation of 0.05% to 0.63%. Mo forms hard and stable carbides and has the
sixth highest melting point and for this reason it is used in high strength steel
alloys, cast iron and super alloys to enhance harden-ability, strength,
toughness and for wear and corrosion resistance [7]. Additionally Mn and P
are also used for rust and corrosion prevention.

5.2.2. Tiger 1 Characterisation of Original and Replacement Pistons

Original piston characterisation results are shown in Table: 5.9 and match
specifications of RSA - 419 AE, AA 4019 and AA 4048 aluminium alloy. Si
percentage is 19.92 and the results indicate that the original piston is hyper-
eutectic Al-Si alloy. The classification of Al-Si alloy in three categories (a)
hypoeutectic less than 11% Si (b) eutectic 11-13% Si and (c) hyper-eutectic
with more than 13% Si has been well reported [86, 87]. Al-Si pistons provide
low density, high wear resistance, good strength-to-weight ratio, good
thermal conductivity and resistance to corrosion and wear in petrol engines
of industrial, aerospace and military applications [88, 89]. Petrol engines
operate under severe conditions of high temperatures and gas pressure and
therefore for piston material it is necessary to have excellent temperature
and mechanical properties in-order to resist changes influenced by elevated
temperatures [88, 90]. Other elements such as Ni, Fe, Ti and Mn detected in
the characterisation are added for the purpose of improving the tensile
properties and strengthening of a-Al matrix [88, 91, 92].

Characterisation results of the replacement piston approximately match
specification of Al 2031 and Al 2618-T6 series. According to the results the
replacement piston can be classified as hypo-eutectic piston [86, 87].
Eutectic and hyper-eutectic versions possess better properties compared to
hypo-eutectic and for this reason the use of hypo-eutectic versions has been
phased out in many applications.

The percentage of Si is significantly low at only 0.73 %. Silicon is a very
important part of Al-Si piston alloys and hard Si precipitates within the
aluminium matrix are directly related to greater strength, scuff, seizure
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resistance and provide better resistance to sudden temperature fluctuations
[93, 94].

5.2.3. Tiger 1 Characterisation of Original and Replacement cylinder-
liners

WD - XRF results in Table: 5.10 of the original cylinder-liner approximately
meet the specifications of SAE J431, BS 220, UNS F33100 and UNS
F34100. Fe is the main element present, so indicating that the liner is of cast
iron. The source of elements such as Zn, Ca and S is likely to be a residue of
lubricating oil. Characterisations of the replacement cylinder-liner revealed
Fe and Si as the main elements.

Phosphorus (P) was detected in the original-liner but not for the replacement.
P content generates better properties for wear and scuffing resistance. In
addition alloying elements such as chromium (Cr), copper (Cu), molybdenum
(Mo), nickel (Ni), titanium (Ti) and vanadium (V) enhances wear resistance
when added [10].
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Chapter 6 Corrosion Damage Assessment

This chapter details results of the corrosion investigation in two parts. In first
part ultrasonic scanning was conducted to record material loss due to
corrosion in the M10, Sherman, Centaur, BT R 60 and King Tiger. For M10,
Sherman and Centaur sample samples shown in Figure: 3.2 were used.
Samples for BT — R60 and King Tiger are discussed in the relevant sections.
The exact dimension of each sample is also explained in the relevant
section. Corrosion mapping revealed significant material loss because of
corrosion. In the second part surface corrosion and corrosion propagation
(corrosion layer depth) into the sub-surface have been analysed. These
analyses identified various cracks, corrosion pits in and other anomalies both
on the surfaces as well as in the cross section of the samples.

The novelty of the current research lies in the fact of fully characterising
structural materials where information and specifications were not complete
or scarce. The current research provides understating of the failure
mechanisms due to corrosion and linkages to the materials’ characteristics.
These results will inform an optimised design solution of controlled
environment and preventative measures for the vehicles kept in uncontrolled
environments.

6.1. Ultrasonic Scanning

Ultrasonic scanning was conducted using pulse-echo followed by phased
array methods. These are two novel scanning methods to map corrosion in
metal structures. Result illustrated remarkable material loss in all the
samples. Table: 6.1 provide the ultrasonic scan results for five maximum and
minimum remaining thicknesses for the samples from M10, Sherman and
Centaur. M10 Sample - 2 did not fulfil the required specification for
ultrasonic scanning, thus this method was not performed on it.

6.1.1. M10 Tank Destroyer Sample - 1

First scan was conducted using pulse echo method on the M10 sample-
lusing a 4 MHz twin crystal transducer with a 10 mm diameter. Hi pass and
low pass analogue signal filtre frequencies were set at 0.25 MHz and 10
MHz respectively. Data was collected every 2 mm on a total area of 102 mm
length with 6.04 pulses/mm and 94 mm width with 3.58 pulses/mm.
Compression waves with a velocity of 5903 m/sec and a probe delay of 7.63
Us were used.

Figure: 6.1 show C — Scan (surface scan) and side views (A and B scan) of
data collected from the ultrasonic scan. A colour coded palette with scale
starting from maximum 10 mm (blue) and gradually decreasing to 0.00 mm
minimum (red) for visual representation of the remaining thicknesses is also
given. Two cursors, red and blue, illustrate X and Y co-ordinates and
corresponding remaining thicknesses of the particular points.
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Figure: 6.1 M10 Sample-1 Ultrasonic Surface Scan

A user defined area shown in Figure: 6.2, was taken for analysis starting at 2
mm on X - axis, 2 mm at Y - axis and finishing at 100 mm and 90 mm
respectively. Scans at the edges were ignored to avoid any possible
spurious/distorted signals in the analysis.
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Figure: 6.2 M10 Sample - 1 Ultrasonic Surface Analysis

Figure: 6.3 demonstrates a severe material loss in the sample, recording a
minimum thickness of 5.40 mm at horizontal position of 72 mm and vertical
position of 44 mm while the maximum remaining thickness is 9.70 mm at
horizontal position of 36 mm and vertical position of 14 mm shown in Figure:
6.4. The thickness of 9.70 mm has been recorded at six different points. The
second lowest depth recorded is 5.60 mm at horizontal position of 98 mm
and vertical position of 2 mm, the remaining thickness of 5.60 mm is
recorded at three different points in the scan. The third lowest recorded
remaining thickness is 5.70 mm at a horizontal position of 92 mm and
vertical position of 12 mm and has been recorded at five different points.
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Figure: 6.4 M10 Sample - 1 PE Scan show Maximum Thickness

The phased array scan was performed using a 4 MHz probe. Hi pass and
low pass analogue signal filtre frequencies were set at 0.25 MHz and 10
MHz respectively. Analyses were conducted every 1 mm using compression
waves at a velocity of 5903 m/sec and a probe delay of 7.06 ps. Figure: 6.5
show the signal amplitude in A-scan, side view in B-scan, and depth and
surface position in C-scan.
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Figure: 6.5 M10 Sample - 1 PA Scan

6.1.2. Sherman Military Tank Sample - 3

Pulse echo scanning was conducted on the Sherman M4A1 with a probe of
4 MHz twin crystal and 10 mm diameter using 0.25 MHz Hi pass filtre and 10
MHz low pass filtre frequencies with a probe delay of 7.63 uS. Compression
waves with a velocity of 5903 M/sec are used to scan a total area of 174 mm
length with 6.040 pulses/mm and 68 mm width with 3.58 pulses/mm mapping
material loss every 2 mm on the sample. Figure: 6.6 show end views and c-
scan of the sample with implementation of colour coding, red for 0 mm and
green for 10 mm. Cursors show x-y locations and corresponding depths of
particular points on the sample.
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Figure: 6.6 Sherman Sample - 3 PE Scan
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User defined area was taken to find maximum and minimum thicknesses
starting at 2 mm on X-axis, 2 mm on Y-axis shown in Figure: 6.7 and
finishing at 172 mm on x-axis and 66 mm at y-axis respectively. Scan at
edges of the samples was ignored to avoid any possible distorted in signals
in the analysis.
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Figure: 6.7 Sherman Sample - 3 User Defined Area Start and Finishing Points

Scan detected maximum remaining thickness of 9.80 mm at horizontal
position of 150 mm and vertical position of 26 mm with a drastic loss in
material to a minimum of 4.60 mm at horizontal position of 28 mm and
vertical position of 8 mm illustrated in

Figure: 6.8. The maximum thickness of 9.8 mm is recorded at two different
points. Second lowest thickness was 4.7 mm and was detected at seven
different positions. Third lowest thickness of 4.8 mm was recorded at six
various points and the remaining thickness of 4.9 mm was recorded at four
different points. The minimum remaining thickness of 4.6 mm is recorded at
three different points.
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Figure: 6.8 Sherman Sample - 3 PE Scan of Minimum and Maximum Thicknesses

The Phased array scan was performed using a 4 MHz probe. The Hi pass
and low pass analogue signal filtre frequencies were set at 0.25 MHz and 10
MHz respectively. Data was collected every 1 mm using compression waves
at a velocity of 5903 m/sec and a probe delay of 7.06 us. Figure: 6.9 show
the amplitude and range in the A-Scan, depth and signal amplitude as a side

view in B-Scan, and depth & surface position in C-Scan.
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Figure: 6.9 Sherman Sample - 3 PA Scan

6.1.3. Centaur A27L Main Battle Tank Sample - 4

PE and PA ultrasonic scanning was conducted on Centaur A27L (MBT)
using same operating and working settings described above for M10 and
Sherman.

A user defined area was taken for finding the minimum and maximum
thicknesses starting at 2 mm on x-axis, 2 mm on y-axis and finishing at 240
mm on x-axis and 96 mm at Y-axis respectively to avoid any possible
distorted signals at the edges. Maximum thickness of 9.80 mm at horizontal
position of 214 mm and vertical position of 2 mm with a drastic material loss
to a minimum of 2.30 mm at horizontal position of 238 mm and vertical
position of 54 mm shown in Figure: 6.10 was detected. The second lowest
depth was 3.6 mm at horizontal position of 14 mm and vertical position of
8.00 mm on the sample and the third lowest depth recorded was 3.8 mm at
horizontal position of 10 mm and vertical position of 4 mm. The remaining
thickness of 3.6 mm was detected at two and 3.8 mm was detected at five
various points.
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Table: 6.1 Surface Thickness’ Profile of 5 Lowest and Highest Points

@) M10 - Tank Destroyer (b) Sherman - Main Battle Tank () Centaur- Main Battle Tank
Maximum Armour Thickness: 37 mm Maximum Armour Thickness:62- 63 mm Maximum Armour Thickness: 76 mm
Minimum Armour Thickness: 12 mm Minimum Armour Thickness: 12 mm Minimum Armour Thickness: 20 mm

Sample’s Dimension Sample’s Dimension Sample’s Dimension
Length: 102 mm Width: 94 mm Length: 174 mm Width: 68 mm Length: 240 mm Width: 96 mm
S. | Remaining Thicknesses No of Remaining Thicknesses No of Remaining Thicknesses No of
No inmm Occurrences inmm Occurrences inmm Occurrences
1] s> o <Ci K Cen D)
2 5.60 3 4.70 7 3.60 2
3 5.70 5 4.80 6 3s0 [ 5
] E
4 5.80 21 4.90 4 3.90 3
5.90 52 5.00 26 4.00 n 2
6 9.30 1 9.40 5 6.80 8 374
7 940 4 9.50 7 6.90 g 410
8 9.50 4 9.60 2 700 201
9 9.60 4 9.70 7 9.20 2
10 ¢ 970 ) o 6 L 2 C 980 ) — 1
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6.1.4. Russian BT R — 60 Armoured Personal Carrier Sample — 5

Sample from the Russian BT — R 60 was analysed using PE method of
ultrasonic scanning on the same equipment settings. Figure: 6.11 illustrate
the image of the sample and the corresponding ultrasonic scan.

Distance (mm)

Figure: 6.11 BT R - 60 Sample’s Image and Ultrasonic Scan

Corrosion mapping results of five lowest and highest remaining thicknesses’
are provided in Table: 6.2. A difference of 1mm material loss was recorded
on the sample selected for the corrosion mapping between the maximum

and minimum remaining thicknesses. A consistent decrease in the
component thickness was observed.
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Table: 6.2 BT R - 60 Samples’ Scan Results for 5 Highest and Lowest Thicknesses

Russian BT — R 60
Maximum Armour Thickness: 14 mm
Minimum Armour Thickness:5- 7 mm
Sample’s Dimension
Length: 290 mm Width: 160 mm
S No Remaining No of
i Thicknesses in mm Occurrences
1 | 500> 16
2 5.10 46
3 5.20 123
4 5.30 322
5 5.40 420
6 5.60 2653
7 5.70 3141
8 5.80 2041
9 5.90 422
10 g 600 % 101

6.1.5. King Tiger Sample — 6

Sample from the King Tiger shown in Figure: 6.12 was one of the most
difficult for the ultrasonic scanning. Sample’s surface was uneven, had

welded threaded rods and holes.

King Tiger

Welded Rods

Figure: 6.12 King Tiger Sample collected for Ultrasonic Scan
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Ultrasonic scan was conducted through PE method using a twin crystal
probe of 10 mm diameter. The surface scan of the sample is shown in
Figure: 6.13. Surface of the sample was not even and the welds at the
bottom of the rods were raised and occupying areas which were thick from
the rest of the samples’ surface. The raised welds provided higher
thicknesses in the scan so for that reason data of the two areas 1 and 2 was
obtained shown in Figure: 6.13.
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Figure: 6.13 King Tiger Surface Scan

Table: 6.3 illustrate scan results for area 1 and 2 respectively. The x and y
coordinates for Area -1 were starting at x = 8, y = 18 and finishing at x = 88
and y = 90. The minimum thickness detected at Area -1 was 2.40 mm at
position x = 84 and y = 18 and was recorded once. Maximum thickness
recorded at Area - 1 was 3.50 mm at position x = 38 and y = 72, this was
also detected only once.

Area - 2, x and y coordinates started at x = 30, y = 144 and finished at x = 78
and y = 216 respectively. Area - 2 analyses showed minimum thickness of
2.40 mm, 23 times and maximum thickness of 3.00 mm, 1 time in the scan.
Both Area 1 and 2 exhibit a gradual degradation of the material loss through
corrosion.
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Table: 6.3 King Tiger Samples' Scan Results for 5 Highest and Lowest Thicknesses

King Tiger
Sample’s Dimension
Length: 250 mm Width: 120 mm
Area 1 Area2
& 4lo Remaining No of Remaining No of
Thicknesses in mm Occurrences | Thicknesses in mm | Occurrences
[ CGmoL 1+ [ o> o
2 2.50 24 2.50 192
3 2.60 76 2.60 215
4 2.70 141 2.70 192
5 2.80 225 2.80 173
6 3.10 118 - -
7 3.20 54 - 3
8 3.30 13 - -
9 340 2 2.90 68
10 Cs0 > _ |+ Caoo >+
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6.2. Surface and Sub-surface Corrosion Analyses

Surface and sub-surface corrosion analyses were performed using novel
methods of SEM and EDS. Samples from the M10, Sherman and Centaur
shown in Figure: 3.2 were sectioned and mounted in Bakelite. Analyses
revealed corrosion morphology on the surfaces, sub-surface defects of
cracks and corrosion pits.

6.2.1. M10 Corroded Surface Sample - 1

Figure: 6.14 shows SEM micrograph of the corroded surface. EDS was
conducted at three points represented as spectrum 1, 2 and 3.

P R ST 33 O T i ) SRR, o RSl v A i % *‘r]‘-%
B T S WS R N e NP e S e S
2 st e 7]

ol e
-
- -

; ‘7@ Spectium3 |
4y & S

M10,Sample 1 Corroded Surface

Figure: 6.14 M10 Sample - 1 EDS Points Analysis

Results of three spectra (EDS points) are provided in Table: 6.4. At all the
three spectra Fe was significantly oxidised. At spectrum 2 corrosion
enhancing contaminant Cl was recorded. High ratio of Si could be attributed
to the working environment of the M10. The identification of Al could be
attributed to Al based paints and coatings applied on the M10 surfaces.

Table: 6.4 M10 Sample-1 EDS Results (wt %) at CS

Spectrum (0] Al Si Cl Fe
1 4149 242 1.54 0.00 54.53
2 42.14 1.68 1.02 147 53.67
3 42.98 2.32 143 0.59 52.66

6.2.2. M10 Cross Section Sample -1

Cross section of the sample was examined that revealed corrosion
propagation of approximately 250 um into the sub-surface shown in Figure:
6.15 (a). In the cross section slag defects shown in Figure: 6.15 (b) and (c)
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were also identified. Results of two EDS spectra 1 in the slag and 2 near the
slag shown in Figure: 6.15 (c) are given in Table: 6.5. Spectrum 1 showed
significant amount of S together with Si and O causing Fe oxidation to 68.22
wt %. Spectrum 2 however showed Fe (98.98 wt %) with only manganese
(Mn).

x
Corrosion propagation -

|
© s

} Slag Inclusion 2

e

- Risk of failures subject to stress

60pm . ! 200pm

Figure: 6.15 M10 (a) Corrosion propagation (b) Slag Inclusion 1 (c) Slag
Inclusion 2 (d) Six EDS Spectra at Bulk Metal

Table: 6.5 M10 Sample - 1 EDS Results (wt %) at Slag Inclusion - 2

‘Spectrum 0 Si S Mn Fe
ql 7.32 213 4.76 17.57 68.22
2 0.00 0.00 0.00 1.02 98.98

In the cross section at the bulk metal where no corrosion has reached yet,
six spectra were measured shown in Figure: 6.15 (d). Results given in Table:
6.6 revealed Fe above 99 wt % with Mn less than 0.50 wt %.
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Table: 6.6 M10 Sample - 1 EDS results (wt %) at Cross Section

Spectrum Mn Fe
1 046 99.53
2 049 99.50
3 0.00 100
4 0.36 99.63
5 0.33 99.66
6 0.37 99.62

Slag (Figure: 6.15 b-c) is a by-product of metal oxide and silica (SiO) and
tend to promote crack propagation starting from the slag vein and result
fatigue failures under stress in operating conditions, which could be assumed
safe for the working components [95]. Such defects are not favourable in
heavy duty mechanical structures. The detection of S at spectrum 1 in Table:
6.5 in the vicinity of the grain boundaries can compromise physical as well as
structural properties of the materials [96, 97]. This type of defect will usually
give rise to Mode | failure, the opening crack propagation mode, when
subjected to tensile loading. When the stress intensity factor (K) reaches a
critical value, crack propagation will take place. The stress intensity factor (K)
(material fracture toughness) is used in fracture mechanics to predict “Stress
intensity” or the state of the stress near the crack tip resulted as a
consequence of residual stress or load. It depends on type of materials,
materials processing, rate of loading, state of stress and temperatures. Such
material inherit defects affect this value, hence making component
susceptible to mechanical failures when subjected to loading [98].

Internal environment of the museum can be considered free from
atmospheric pollution still corrosion stimulating contaminants such as
chlorine (Cl) and sulphur (S) were detected on the tanks surfaces. These
contaminants mutually with environmental fluctuations could lead to
atmospheric corrosion in the museum [19]. S arises from the steel making
process and can have detrimental effects if not controlled [19]. To avoid FeS,
Mn is added to steel to form MnS which is thermodynamically stable [99,
100]. However MnS exposed to (CI ) initiate pitting corrosion [101, 102]. The
origin of Cl is unknown; its presence on the surfaces of the tanks will play an
important role in corrosion.

On the corroding surface (Table: 6.4) Al was also recorded. However in
analysis at the cross section (Figure: 6.15 d), no Al was identified. Presence
of the Al at three spectra on the corroding surface could be classified as
residues from Al based paints protection applied during or after M10s’
service life.

6.2.3. Sherman Corroded Surface Sample - 3

A SEM micrograph of the corroded surface is shown in Figure: 6.16. SEM
micrograph demonstrates severe corrosion and flaking of the corrosion
residue from the surface. In addition cracks of various lengths were

Chapter 6 87



identified. Corrosion on this surface was active and the surface protections
were completely failed. Three (EDS point) spectra were measured and their
results are given in Table: 6.7.
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Sherman Sample 3 Corroded surface

Figure: 6.16 Sherman Sample - 3 EDS Spectra Location at Corroded Surface

On the corroding surface all three spectra, of which results are shown in
Table: 6.7, indicated corrosion products comprised of iron oxides. In
spectrum 1, the high proportion of O (46.01wt %), nearly equal to Fe
(45.13wt %) can be attributed to iron corrosion products. The traces of
elemental form of Fe in non-corroded base metal are also likely.

Higher percentage of Si could be considered as contaminant from working
environment of the vehicle. Spectrum 2 has Na and Ca and show adverse
effect of higher oxidation of Fe compare to spectrum 3 where no Na or Ca
was present.

Table: 6.7 Sherman Sample-3 EDS results (wt %) at Corroded Surface

Spectrums 0] Na Al Si Ca Fe
1 46.01 0.00 3.02 4.62 1.19 45.13
2 41.55 1.05 6.55 5.67 0.93 44 .22
3 39.98 0.00 1.46 1.16 0.00 57.38

6.2.4. Sherman Cross Section Sample - 3

Further  investigations were conducted to obtain  corrosion
propagation/corrosion layer depth to sub-surface level, shown in Figure:
6.17. The surface was affected to a depth of almost 110 pum into the bulk
metal, where sub-surface cracks were also identified. Corrosion was
investigated at the cross section of the corroding edge, labelled as spectrum
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1, shown in Figure: 6.17 (a), and about 100 um below the point of corrosion
layer, labelled as spectrum 2, shown in Figure: 6.17 (b). EDS results are
given for both spectra in Table 6.8.

Spectrum 1

Material degradation leading to delamination

100pm*
.

Figure: 6.17 Sherman Sample - 3 (A) Corrosion Layer Depth and Spectrum - 1(B)
Crack Propagation and Spectrum - 2

Table 6.8 Sherman- EDS Spectra Results (wt %)

Spectrum O Ca Mn Fe
1 38.30 0.40 045 60.84
2 0 0 0.58 99.41

The presence of high amount of oxygen and a trace of Ca at spectrum 1
show that drastic corrosion has occurred. Oxygen is the signature for iron
oxide (FeO) corrosion product formation, and Ca is known to be present in
atmospheric salt deposits as well as sea salt [103, 104]. At spectrum 2
where no corrosion has propagated yet, only Fe (99.41wt %) and Mn (0.58wt
%) were detected.
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Figure: 6.17 demonstrate corrosion on the Sherman resulting in cracks and
delamination of the material. Such surfaces when exposed to stresses will
become one possible cause of structural failure [105], these are referred to
as both mechanical and corrosion induced stresses.

Sulphide inclusions were identified in the cross section from the Sherman,
shown in Figure: 6.18. Three EDS points analyses were conducted 1, 3 in
the sulphide inclusion and 2 at the bulk metal. Results for these three
spectra are given in Table: 6.9.
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Figure: 6.18 Sherman Sample - 3 (A) Sulphide Inclusion (B) Grain Structure

Spectrum 1 results showed Fe only 5.31wt% with a high amount of sulphur
S, other elements found at spectrum 1 was Mn and Fluorine F. Spectrum 2,
which was conducted at the metal, demonstrated only Fe and Mn. Spectrum
3 was conducted at the second inclusion and showed Fe with S, Mn and F.
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Table: 6.9 Sherman EDS Results (wt %) at Sulphide Inclusions

Spectrum E S Mn Fe
1 1.70 35.25 57.71 5.31
2 0.00 0.00 0.75 99.24
3 2.52 26.37 46.95 24.14

Sulphur in the Sherman originates from the steel making process and Mn is
an alloying agent [19], being added to steel to avoid FeS formation and to
form MnS for the purpose of segregating S. MnS has higher melting point
and is chemically stable, and also during hot rolling prevents the formation of
FeS along the grain boundaries [99, 100]. MnS inclusions tend to provide
better machining, increased wear resistance of the components and reduced
costs during product manufacturing [106]. However MnS inclusions cause
the initiation of corrosive pits in bulk metal, such as carbon steel and low
carbon steel [102]. In addition, combined with corrosive environments, these
inclusions result in accelerated pit formation and deterioration of the overall
corrosion resistance of the metals [102, 107, 108].

6.2.5. Centaur Corroded Surface Sample - 4

Corrosion was investigated at the corroding surface. At this surface coatings
were effectively failed and corrosion was active. Figure: 6.19 illustrate SEM
micrograph of the corroding surface, where surface disintegration is
noticeable. Three EDS spectra 1, 2 and 3 were measured at this surface to
identify corrosion products. Results of three spectra are given in Table: 6.10.

Figure: 6.19 Centaur Sample - 4 SEM Micrograph of CS and EDS Points

Results from Table: 6.10 are examples of extreme Fe corrosion, where Fe
oxidation is prevalent at more or less the same rate. Other elements are in
high concentrations at the surface due to the build-up of corrosion and
atmospheric deposits over time. Spectrum 1 indicated a high amount of
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corrosion product due the high concentration of oxygen that was directly
related to the oxidation of Fe. Fe, initially expected to be in the high 90’s for
weight percentage, was corroded to 56.25 wt %, other elements detected
were Al and Si. Results from spectrum 2 illustrated the highest Fe corrosion
among all the three spectra. Fe was recorded the highest in spectrum 3 with
Si, Aland O.

Table: 6.10 Centaur EDS Point Analysis at CS

Spectrum o Al Si Fe
1 36.58 3.97 3.18 56.25
2 36.88 22.34 5.04 35.72
3 28.06 2.15 4.09 65.67

6.2.6. Centaur Cross Section Sample - 4

Cross sectional analyses were conducted at sample - 4. Sub-surface
corrosion propagation was recorded 50 um deep. 50 pum is a noticeable
propagation when viewed in the context of Table: 6.1 where a material
thickness of 7.50 mm has already been lost due to corrosion between two
the lowest and highest points of 2.30 mm and 9.80 mm respectively. In
addition cracks propagation and corrosion pits were also identified 100 um
deep shown in Figure: 6.20.
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Figure: 6.20 Centaur Sample - 4 (A) EDS Spectra Locations (B) Corrosion
Propagation and Sub-Surface Pits

Four spectra 1, 2, 3 and 4 were measured. 1, 2 and 3 were at the corroded
section while 4™ was conducted at the bulk metal where no corrosion was
occurring. These results are given in Table: 6.11. At these spectra nine
elements were recorded. Spectra 1, 2 and 3 are of the corrosion product
layer, which clearly show the high amount of oxygen versus elemental iron.
In the crack represented as spectrum 2 in Figure: 6.20(A), Fe is oxidised to
18.75 wt %. O, Ca, and S are present in considerable amounts and will form
a localised zone of corrosion to propagate any cracks preferentially across
the bulk metal grain boundaries leading to delamination of the surface
material. Spectrum 4 was at the bulk metal (where corrosion had not
reached yet), taken approximately 50 um below the interface of the corrosion
product layer and reveals the alloying elements only.
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Table: 6.11 Centaur Sample - 4 EDS Results (wt %) at Corroded Edge and Cross
Section

Spectrum 0 Al Si S Ca Cr Mn Fe Ni
1 4039 0.29 3.39 040 1.1 1.30 2.00 49,88 0.60
2 39.86 106 1412 029 047 1.35 2406 1875 0.0
3 4114 0.00 0.57 0.76 1.85 5.52 068 4794 150

4 0.00 0.00 041 0.00 0.00 1.87 046 9650 074

Si originates from alloying elements but higher percentage at spectra 1 and 2
possibly have been accumulated from the environment. The presence of Al
seems to be a residue from the passivation treatment (Al based paints/coats)
applied during/after Centaur service life, because no Al has been identified at
the bulk metal (spectrum 4) where no corrosion was occurring. As such, the
presence of Ca at spectra 1, 2 and 3 also seems to be a residue because no
Ca was detected at the bulk metal at spectrum 4.

Sub-surface crack was also identified at the cross section analysis of the
Centaur illustrated in Figure: 6.21. Spectra were taken at the bulk area
surrounding the crack and at the crack and the results are given in Table:
6.12. At spectra 1 and 2 only the alloying elements were identified and no O
or Al was detected. But in the crack, O and Al were detected. Under the
influence of static or dynamic loading this crack might propagate resulting in
partial or complete failure of the component.

£ o Centaur Sample - 4

. Sub-surface crack

Spectrum 2

_A."‘.,I

70um

Figure: 6.21 Centaur Sample- 4 (A) EDS Points Locations at Crack and Near Crack
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Table: 6.12 Centaur EDS Spectra Results (wt %) Near and at the Crack

Spectrum 0 Al Si Cr Mn Fe Ni Mo
1 0.00 0.00 0.00 1.94 0.74 9663 067  0.00
2 0.00 0.00 042 1.90 047 9642 076  0.00

crack 4.36 0.86 1.58 1.87 123 821 065 120

Figure: 6.20 illustrate localised form of corrosion pits associated with surface
corrosion. Pits were widespread and their formation into cracks/cavities can
be observed in Figure: 6.22 [20].

The formation of pits in two phases, (a) meta-stable and (c) stable pits has
been extensively reported [12, 23, 31-34]. In the initial stage, due to non-
linear coupling between the dissolution of the metal and the electrolyte
composition, the formation of the pit takes place, (a) after which the pit may
propagate for a short period and then die-down (meta-stable pit) or (b) it may
continue propagating indefinitely, known as stable pit, depending on the local
fluctuations in the hydrodynamic boundary layer [12, 27, 31, 32, 100].
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Figure: 6.22 Centaur Formation of Crack due to Corrosion Pits

The Centaur is exposed to rain, sea winds and temperature fluctuations etc.
Consequently, with time, the sizes of the pits (Figure: 6.20 and Figure: 6.22)
are expected to increase sidewise as well as in depth depending on (a)
pitting potential (b) re-passivation potential (c) inhibition potential and their
properties [35, 36]. A corrosive environment, under fatigue loads and the
localised pitting in the Centaur could lead to the formation of large cavities
and could become one possible form of structural failure even though
considerable material remains on the surfaces [20, 37,38]. Furthermore in its
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current environment, corrosion pits in the Centaur will continue their
electrochemical reactions and cause inter-subgranular corrosion, resulting in
stress corrosion cracking (SCC) when exposed to stresses [38, 39]. Climatic
effects such as oxygen, water and salts are able to promote surface
corrosion [19, 37] and can penetrate into the subsurface layers through
cracks (Figure: 6.21) delivering rapid corrosion.

6.2.6.1 White Light Interferometry

White Light Interferometry (WLI) was conducted on corrosion pits which were
identified in Centaur cross section. In this section few pits were selected and
their lengths and depths were measured. Figure: 6.23 illustrate the 3D
measurement conducted on corrosion pits. Figure: 6.23 (a-b), show the
surface structure of the pit, (¢) demonstrate same pit in 3D format and (d)
show the length (77.09 um) of the same pit.
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Figure: 6.23 Centaur 3D Profile of Corrosion Pits

WLI was conducted on some more corrosion pits shown in Figure: 6.24
below. Figure: 6.24 (a) show geometry of the corrosion pit and (b) illustrate
the length (381 um) and depth (2.79 um) of the same pit. Figure: 6.24 (c)
illustrate a different pit with length (34.40 um) and (d) show some more
corrosion pits with different geometrical profiles.
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Figure: 6.24 Centaur Corrosion Pits Measurement

All these corrosion pits in above figures indicate complex geometrical profiles
with noticeable lengths and depths. These pits if they were to continue to

grow will play a vital role in the degradation of the concerned component in
particular and the whole structure in general.
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6.3. Conclusions
6.3.1. Ultrasonic Scanning

In this section of the experimental research a benchmark of corrosion
damage has been achieved in five tanks in different environments. Results
showed considerable loss of material in all samples. Table: 6.1 illustrate the
five lowest and highest remaining thicknesses of the samples for the M10,
Sherman and Centaur. The M10 showed a loss of 4.30 mm, Sherman 5.20
mm and Centaur shows a critical loss of 7.50 mm between the highest and
lowest points. BT R - 60 comparatively a new vehicle has shown material
loss of 1.00 mm between two points. Two areas of same sample from the
King Tiger revealed material loss of 1.10 mm and 0.60 mm respectively. All
samples display a steady material loss and indicate the severity of corrosion
degradation.

During their service life these military vehicles had been exposed to intense
environments and as a consequence the test samples unveil material loss.
During production the range of armour thickness for the M10 was between
37.00 mm and 12.00 mm, for Sherman 62-63 mm to 12 mm and for Centaur
it was 76.00 mm maximum and 20.00 mm minimum respectively [62, 63].
However in this research the highest value detected in the ultrasonic scan is
regarded as the reference point for maximum thickness because of various
modifications and upgrades of these vehicles during their service life and
hence it is beyond the scope of this research to follow any such
modifications.

Table: 6.13 shows the typical corrosion rates for Fe, Cu, Al, Pb and Zn [6,
109, 110]. Fe has shown the most material loss in the four environments
provided and therefore protective measures are needed to slowdown the
existing corrosion mechanism.

Table: 6.13 Typical Corrosion Rates of Common Metals in Various Environments

Metal Type Rural pmAyr Urbanpm/yr  Industrial pm/fyr ~ Marine pm/yr

Al 0-0.1 ~1 04-0.6
Cu ~0.5 1.0-2.0 2.50 ~1

Fe 4-65 23-71 26-175 26-104
Pb 0.1-1.40 1-2 04-2 0.5-2.0
Zn 0.2-3 2-16 2.0-16 0.5-8.0

An empirical model may be proposed predict the life expectancy programme
for the tanks which are exposed to uncontrolled environment based upon the
results for the remaining thicknesses of the samples.
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6.3.2. Surface and Sub-surface Corrosion Analyses

Surface and sub-surface corrosion analyses provided existing corrosion
morphology on the surfaces, depth of the corrosion layer and corrosion layer
composition. Also surface and sub-surface defects both manufacturing and
the ones which were accumulated through material degradation were
identified.

A tank has a complex shape, geometric profile and is comprised of many
components where dirt, moisture and other atmospheric contaminants can
easily be deposited. Accumulation of Cl is expected in many crevices of the
M10 and CI influenced localised corrosion is likely to happen in many parts
of its structure [19, 111, 112].

Internal environment of the museum can be considered free from
atmospheric pollution. Nevertheless corrosion stimulating contaminants such
as chlorine (Cl) and sulphur (S) were detected on the tanks surfaces. These
contaminants mutually with environmental fluctuations could lead to
atmospheric corrosion and will result in serious corrosion problems in the
M10 inside the museum [8, 19, 113].

Tanks which are exposed to the outside environment from time to time can
accumulate contaminants on their surfaces. In the likelihood of inadequate or
no treatment of the affected surfaces; atmospheric corrosion will occur even
when these tanks are stationary inside the museum.

Being outdoor Centaur-A27L is exposed to temperature fluctuation, humidity
variation, rain water and local condition of acidity, all these factors together
with the time of wetness and the extent of the chemical reaction on the metal
surface will establish the corrosion rate [8]. Pits formation and its growth in
the Centaur can be classified as severe and will continue to deteriorate
rapidly because of pitting.
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Chapter 7 Simulated Environmental Corrosion Testing

In this chapter environments both inside The Tank Museum and outside of
the museum have been analysed. The term indoor environment refers to the
controlled environment inside the museum and the outdoor environment
refers to the uncontrolled environment that exists naturally in Bovington,
United Kingdom. Based upon this data, research experiments were designed
to understand corrosion behaviour under simulated environmental tests
taking into account the comfort of the museum visitors.

7.1. Environment in Bovington United Kingdom

Bovington is in Dorset County in the south-western coast of England and is
located approximately 9km north of the Atlantic Ocean/English channel.
There is significant precipitation in Bovington, where fog, rain, and/or snow
are reported, on average, for 18 days of each month [114]. The relative
humidity averages around 80% for most of the year, however peaks of 100%
and lows of 40-60% range occurs [115]. Average high and low temperature
for around 30 years (1981-2010) were 14.03°C and 8.11°C respectively,
whereas daily average fluctuations between 7° to 22°C in summers and 2°
to 12°C in winter were observed [114, 116].

There are 30 Acid and Aerosols Monitoring Network (AGANet) sites in the
United Kingdom [117]. At Bovington there is no such monitoring centre.
Therefore AGANet site at Goonhilly Downs situated in the lizard Peninsula in
Cornwall, England (south-western-most coast approximately 6km north of
the English Channel), was used to understand the average deposition of
salts and pollutants, an area of similar distance as of Bovington from the
same marine environment. Average salts and pollutants recorded between
2006 and 2009 were; chlorides at 4.0 pg/m?, sulphur dioxide at 0.080 pg/m?,
sulphites at 1.00 pg/m?, nitrates at 3.00 pg/m?, sodium at 2.00 pg/m?®, and
both calcium and magnesium at 0.00 pug/m®117]. Sulphur dioxide and
sulphite levels are shown to be relatively low, though they are only indirectly
related to the effects of sulphur dioxide on corrosion but the actual amount of
hydrated sulphur dioxide deposited on metal surfaces is important. The
actual amount of sulphur deposited on the outdoor tanks will be less than the
amount found in the aerosols. The atmospheric chloride concentration is
considerably low, as expected for a normal rural area.

7.2. Environment in The Tank Museum

The Tank Museum Bovington has an area of 15,412 m? The lighting source
is natural daylight combined with fluorescent lighting, which emits a low
amount of UV light. Temperature is kept between (18-25°C) in winters, but is
not controlled in the summer. The buildings where the tanks are housed are
not humidity controlled apart from being enclosed and protected from direct
atmospheric moisture. Recording of temperatures (T) and relative humidity
(RH) have started in October 2011 in five different locations and another five
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were added early 2012 in the museum. Table: 7.1 gives location of the
sensors for the purpose of recording temperature and humidity.

Table: 7.1 Location of Environmental Sensors in the Museum

sno | Locations of Environmental Sensors (Tiny Tags)

1| Inside M10 ontop of turretring. This is aboutin the centre of the W\W2 Hall of the discovery centre

2 | Ontop of Charley's War case. This is in the centre of the WW1 hall

3 | Sentrypostat entrance to Afghan Exhibition. Centre of the Tamiya Hall

4| Ontop of Tortoise. Centre of the British Steel Hall

5 | Ontop of Firefly. Centre of the New Display (aka Woodward) Hall

6 | RHSshed 1.'L’ shaped storage shed (medium quality). On wall beam

7| Insidefirefly. Centre ofthe New Display (aka Woodward) Hall

8 | NrFire EscL of Shed 1.'L" shaped storage shed (medium quality). On wall beam

9 New Shed. Currently the best of the off display storage buildings. On wall beam

10° | Nev's shed. Worst of the off display storage buildings. Attachedto central RSJ pillar

The recent monitoring, over a period of four months indicate temperature
fluctuations from 17°C to 20°C and daily range of RH was reported to be as
low as 40% and as high as 80%. Each out of 10 locations detected
conditions where RH reached above 70% at various intervals of time during
24 hours. There is plenty of evidence of condensation inside some of the
buildings in the museum where water regularly runs off the tanks. On the
contrary this occurrence is less prevalent in tanks which are kept in locations
in the museum where better ventilation is observed.

7.3. Simulated Environmental Test

In this section results from the simulated and accelerated corrosion test are
provided. Results showed corrosion build-up on all samples after exposure.
These results will help show magnitude of corrosion and its behaviour in the
tanks which display failures in their paint systems. Accumulated corrosion on
the samples had extremely complex morphology, and therefore state-of the-
art image analysis techniques were performed to measure those areas.
Figure: 7.1illustrate the complex structure of the accumulated corrosion on
samples from the Sherman and Centaur.
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7.3.1.

Figure: 7.1 Corrosion Area Measurement

M10 - Simulated Environmental Test Results

Corrosion build-up after exposure to SET was observed on all the samples
from M10. Sample 4 which was exposed to 18°C and 55%RH showed the
highest percentage of corrosion. Table: 7.2 provide area of the sample, test
conditions and total percentage of the accumulated corrosion on each

sample.

Table: 7.2 M10 - Environmental Conditions and Accumulated Corrosion

Wolverine - M10 Tank destroyer
Sample Temperature Re_la_tive Exposure Time | Samples’Area | Corrosion Area 9% Corrosion
no (°C) Humidity (%) (Hours) (mm?) (mm?)
1 5 40 125 542.69 2.95 0.54%
2 25 40 125 527.05 1.07 0.20%
3 18 35 125 519.14 0.14 0.03%
4 18 55 125 533 99 5.40 1.01%

Analyses were conducted to obtain the morphology of the accumulated
corrosion on sample 4 which was exposed to 18°C and 55% RH. In Figure:
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7.2(a), EDS area mapping illustrate the concentration of Fe (red) and O
(blue) at sample 4. Corrosion products were characterised shown in Figure:
7.2(c) where Fe (88.27 wt % and O (11.73 wt %) were recorded.

Figure: 7.2 M10 - Corrosion Morphology Results after Simulated Environmental
Tests

7.3.2.  Sherman - Simulated Environmental Tests Results

Sherman exposure to SET showed same behaviour in-terms of corrosion
accumulation shown in Table: 7.3. Sample - 4 which was exposed to 18°C
and 55%RH has showed the most corrosion build up after 125 hours.

Table: 7.3 Sherman — Environmental Conditions and Accumulated Corrosion

Sherman M4A1
Sample Temp:erature Rglqtive Exposure Time | Sample’s Area | CorrosionArea % Corrosion
no (°C) Humidity (%) (Hours) (mm?) (mm?)
1 5 40 125 797.18 14.03 1.76%
2 25 40 125 857.22 18.98 2.21%
3 18 35 125 1017.23 61.58 6.05%
4 18 55 125 896.04 56.70 6.33%
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Corrosion morphology was studied on samples 2 and 4 which were exposed
t018°C - 35%RH and 18°C - 55%RH respectively. Sample 4 has the most
build up of corrosion among all the samples. Corrosion build-up after SET
illustrates complex morphologies on both samples shown in Figure: 7.3.

Sherman ( 18°C- 35%RH) Sherman  18°C- 35%RH)

2 S Width = 4 088 mm  EVO  EZARM
WO = 80mm___ Fie Name = 26RM_1381 6 700.004 Pa

2000wV

WO = 756 mm

Figure: 7.3 Sherman - Corrosion Morphology Results after Simulated Environmental
Tests

Figure: 7.3 (a) shows concentration of Fe (blue) and O (red). Figure: 7.3 (c)
and (d) are from the sample 4 illustrating the morphology of corrosion.
Figure: 7.4 of the Sherman illustrate build-up of a typical oxide layer on steel
and have characteristics of lepidocrocite (y-FeOOH) and goethite (y- Fe»053)
of rust layer for a non- polluted environment [112, 118-120]. These layers
have various types of cracks, pores, have poor adherence and will flake
away from the surfaces depending on localised corrosion [120, 121]. This
type of rust layer cannot result as a passivation and therefore electrolyte and
corrosive contaminants can reach the steel substrate [112, 122, 123].
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Figure: 7.4 Sherman Corrosion Morphology of Rust Layer with Visible Cracks

7.3.3. Centaur - Simulated Environmental Tests Results

Samples from the Centaur exposed to SET illustrated same behaviour as of
that the M10 and Sherman. Results are given in Table: 7.4. Sample 4 which
was exposed to 18°C and 55%RH, accumulated higher percentage of
corrosion than the other samples.

Table: 7.4 Centaur - Environmental Conditions and Accumulated Corrosion

CentaurA27L MBT
Sa'\Tople Tem?:aé)ature Hur:fildai‘t;\//?%) Exp(o'-sI(L:L?ST)lme Sam(pnl]em s2 )Area Corr?ns:;t:)Area CHRBEIoH
1 5 40 125 570.14 0.24 0.04%
2 25 40 125 547.39 1.18 0.22%
3 18 35 125 521.43 0.12 0.02%
4 18 55 125 487.82 1.65 0.34%
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7.4. Prohesion (ASTM G85 A5) Corrosion Test

Corrosion problems are primarily associated with failures in the surface
protection/coating. Failures in the coating were also a common occurrence in
the museum vehicles. Figure: 7.5 demonstrate surface protection breakdown
in the Challenger I.
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Figure: 7.5 Challenger | Surface Protection Breakdown

The Tank Museum deploys Red-oxide (colour red) as primer shown in
Figure: 7.6, and Air Drying Alkyd (colour green) as coat on the tanks
surfaces.

Figure: 7.6 M 60 A3 - Application of Red-Oxide Primer

Failure of surface protection (air drying alkyd - colour green) was observed in
the Centurion shown in Figure: 7.7. Coating failure was followed by corrosion
attack in the Centurion shown in Figure: 7.7 (b).
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Figure: 7.7 Centurion Breakdown of Protection

Both primer and coat in practice in the museum were exposed to ASTM G 85
A - 5 an accelerated corrosion test, in order to obtain their ability to withstand
extreme environment.

7.4.1. Bare Samples

Samples without any protection from the M10, Sherman and Centaur were
exposed to the ASTM G 85 A — 5 for 48 hours only. The material did not
exhibit any ability to resist corrosion and accumulated 100% corrosion in just
48 hours of exposure to the test. Figure: 7.8 illustrate the optical and SEM
micrograph of accumulated corrosion.
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Figure: 7.8 M10 - (a) Optical and (b) SEM Micrograph of Corrosion Morphology

7.4.2. Coated Samples

Samples were painted in primer red-oxide and coat air drying alkyd. They
were exposed to dilute cyclic salt fog/dry test for 264 hours in total shown in
Table: 3.5. The overall performance of primer red-oxide was better and no
significant signs of failure were observed. However air drying alkyd coat
started to fail after 192" hour of exposure. Figure: 7.9 illustrate the initiation
of the breakdown in the form of pores in the coat after 192" hour of
exposure to the test.
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Coating breakdown initiation, formation of pores after
182nd hour

Figure: 7.9 Initiation of Breakdown in the Coat

One section of the same sample demonstrated surface corrosion build-up
shown in Figure: 7.10 (a), after the complete breakdown of the coating. Two
areas 1 still under protection and 2 under corrosion attack are visible.

Sample Area (1) still under Sample Area (2) covered in
surface corrosion and spreading

some protection

Coating Edge

(a) After192nd Hour

Sample Area under co!
attack and failed protectiarn:.

= g

(b) After192nd Hour - e d SR
Figure: 7.10 Coating Failure during Exposure to Prohesion Test

Significant degradation of the coating was observed after 264" hour of

exposure. Figure: 7.11 also illustrate areas of small corrosion deposits on its

surface.
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Figure: 7.11 Failure of the Coating after 264 Hours

Under such condition small areas of corrosion deposits will have the
tendency to spread sidewise and occupy larger surface. Such small
corrosion areas have active anodic characteristics compare to the passive
bulk area which act as cathode causing severe pitting [21].
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7.5. Conclusions

7.5.1. Simulated Environmental Corrosion Tests

All four samples from each tank showed some degree of corrosion
accumulation after 125 hours of exposure. The purpose of the simulated
environmental corrosion testing was to quantify corrosion build-up on the
tanks surfaces, when they are kept in a controlled environment taking into
account the comfort of the visitors.

Temperature increase result in accelerated diffusion rate and corrosion,
however temperature rise under constant humidity evaporates the
electrolytic layer created by dew/rain and creates dry conditions [82, 122].
Results of sample 4 could be attributed to such conditions where
temperatures was not high enough to evaporate the moisture layer (RH
55%) and provided extended period of wetness for the electrochemical
process to continue. Conversely in the case of other samples dry
atmospheres may have been achieved and hence rate of corrosion was
slow. Carbon steel is not able to form a protective layer against corrosion
except when the atmosphere is clean and dry. The atmosphere in the
museum could be expected to be free of atmospheric pollutants however
surfaces of the tanks are contaminated and humidity reaches above 80%.
This will result corrosive electrolytic layer on the surfaces because of
hygroscopic salts i.e. chlorides and sulphates, accordingly rapid corrosion
will occur in the tanks’ components and on the surfaces [82]. Also the role of
oxygen is important as an oxidant element in atmospheric corrosion, water
layer formed on metallic surfaces determines oxygen diffusion towards the
surfaces and reaction products [22].

During EDS (Table: 6.4) chlorine was also identified on the sample from the
M10. The evaporation of the spray due to sea winds result chloride
deposition on in the form of droplets or crystals on surfaces. Coal burning
incinerators de-icers, bleaching plants and dust-binders on roads may also
emit chlorides. Rusting of the metals can occur at low humidity such as 35%
in the presence of chlorides. Steel rusts with higher rate when exposed to
continuous spray of salt [19, 82]. Figure: 7.12 illustrate formation of the
typical oxide-layer on a metal surface. Through these pores and cracks
chlorine can reach the substrate and may provide paths of fast diffusion.
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Figure: 7.12 M10 EDS Layered Micrograph, O (red) and Fe (blue) Concentrations

Chlorine has the ability to diffuse through this type of oxide layer reaching
the steel surface resulting in metal chlorides and escalated corrosion.
Oxygen potential is very low at the metal-scale interface because oxygen
(O2) produces metal oxides and its consumption is more. The diffusion of
gases through metal-scale determines the corrosion rate [111, 124].

Dew is an important factor causing corrosion of metals in indoor
environments. Dew formation on surfaces is dependent on temperatures and
humidity and stay longer on the metal surfaces resulting atmospheric
corrosion. Its formation depends on the relative humidity and changes of the
temperature. Dew does not wash the surface therefore the concentration of
the pollutants is relatively high and could be more aggressive compare to
rain. Also if surfaces and/or indoor environment are polluted then the
atmospheric corrosion would be significant which could also decrease the
critical relative humidity. For unpolluted environment rate of corrosion is less
significant when the relative humidity is below 75%. However in The Tank
Museum Bovington RH values reach 80% and 100% at certain times shown
in Figure: 7.13. Higher value of RH together with temperatures greater than
0°C would lead to longer TOW  causing faster corrosion of the
components/surfaces which have failed protection, exposed and are polluted
[19, 125, 126].
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Figure: 7.13 Temperature vs. RH in WW2 hall

During atmospheric exposure of any material, a repeated and endless cycle
of wetting and drying occurs. This is caused by precipitation, heat and wind
drying the wetted surfaces, adsorption and deposition of pollutants. The
electrochemical mechanism developed by the continuous wet-dry cycles in
this natural environment, via condensation, precipitation, heat and wind
would play a significant role in the corrosion of the tanks [121, 127]. Once
the paint barrier is damaged and the underlying carbon steel substrate is
exposed to the environment, the activity of the corrosion reactions would be
almost continuous. The oxidation of the metal is known to occur in an
accelerated manner during wet conditions. Furthermore the highest rate of
corrosion takes place just before drying starts i.e. when the liquid layer is thin
(before evaporation) and the oxygen transport through the electrolyte film is
maximum [19, 128].
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7.5.2. Prohesion (ASTM G85 A5) Corrosion Tests

Cyclic Salt Fog/Dry Corrosion Tests revealed 100% corrosion accumulation
on the samples which were exposed to this test without any coating in 48
hours. Materials showed no ability to resist corrosion under extreme
environments. Bovington is around 9 km from the coastline; winds from the
sea are able to deposit salt aerosols on the tanks surfaces outside the
museum [82, 129]. In addition sea winds can access the museum through
doors and any windows left open. Salt particles deposited act as nuclei to
start corrosion, becomes hygroscopic and increases the duration of surface
wetness. Sea wind delivered chlorides also have significant role in corrosion
and the phenomenon of corrosion can sustain at humidity as low as 35% [19,
130, 131]. It is therefore of extreme importance that surface which are
exposed must be protected through adequate protection system.
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Chapter 8 Tribological Considerations

Wear is one of the major factors to influence the structural integrity of The
Tank Museum vehicles which operate regularly or intermittently. In this
chapter the piston-liner assembly wear is reported from the Tiger 1. This was
the real-time wear evaluation which occurred in pistons and cylinder-liners.
Piston’s design for both original and replacement pistons are also reported
and wear assessment was conducted taking into account materials’
composition.

8.1. Tiger 1 Piston Design

Original piston and cylinder-liner from the Maybach HL 210P45 engine were
collected from The Tank Museum Bovington. This engine was disassembled
to analyse various types of tribological failures. Replacement pistons and
cylinder-liners that had been run in the engine for two hours were also
obtained.

The original piston (130P15) is shown in Figure: 8.1. The original design for
the piston was completely circular with two compression rings and two
secondary compression/oil scraper rings. There were also two additional
scraper rings at the bottom of the piston.

Crown j

Compressionrings | ;

Secondary compression/ —
Oil scraper rings | 3

Oilcontrol ring ==,

Piston skirt thrust face

SKit >

«—
Lower scraper
¢ rings

Figure: 8.1Tiger 1 Original Piston (130P15) — Marginal wear

The design of the replacement piston has been modified as shown in Figure:
8.2. First the fourth compression/scraper ring was omitted. Secondly, an
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additional rectangular profile was included at both ends of the piston-pin, and
lastly, the bottom oil scarper rings were omitted. The modifications in design
and the material’s chemical characteristics of the replacement piston
resulted in catastrophic failures.

Fourth compression/oil
scraperring omitted

Piston skirt thrust face (A)

Rectangular profile
at pin bore ends

I

Lower scraper rings
are omitted

Figure: 8.2 Tiger Replacement Piston Extreme Scuffing

8.2. Wear Assessment

The original piston and original cylinder-liner were operative during the 2"
World War in the Maybach HL 210P45 engine. The exact hours of operation
of the engine piston-liner assembly are unknown. Taking into account the
harsh mechanical and environmental conditions under which the Tiger 1
engine operated piston performed extremely well. The original piston can be
classified as hyper-eutectic Al-Si alloy and its performance can be attributed
to materials’ composition. Surface morphology of the original piston-skirt-
thrust-face is shown in Figure: 8.3, where negligible wear was observed
compared to the severe operating conditions under which it performed.
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Figure: 8.3 Original Piston Skirt - Thrust - Face Horizontal Lines Show Original
Machining Marks

Replacement piston and cylinder-liner were used as substitutes and were
obtained for this research after failure in two hours of operation in the actual
engine. The replacement piston has a very low Si (0.73 wt %) content. Si
produces good thermal and wear characteristics. One of the major reasons
of failure of the replacement piston was its susceptibility to thermal
expansion under the influence of temperature, which resulted small/no
piston-to-wall clearance. Thermal expansion under elevated temperature has
lead to a direct contact between piston-skirt and the cylinder-liner. The result
of this contact between piston-skirt and cylinder-liner was observed as
sliding/adhesive wear shown in Figure: 8.4.

Adhesive wear can be explained using adhesion theory of friction. When
surfaces come into contact under loads welding occurs at the contacting
asperities and during relative motion shear develops. The presence of any
contaminants during relative motion between the surfaces can strongly
influence the shear strength. The resultant developed shear in one of the
surfaces can cause transfer of material from one surface to the other [83,
132]. This phenomenon of a materials’ removal from the surfaces was
observed in the replacement piston and cylinder-liner.
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The transfer of material between the surfaces has acted as an abrasive
media further facilitating wear due to which scratches on the piston skirt and
wear grooves in the cylinder-liner are visible in Figure: 8.2 and Figure: 8.4
respectively. Furthermore the presence of the material particles established
an unstable coefficient of friction between the sliding surfaces leading to
scuffing [48, 50]. Scuffing is a complex tribological failure mechanism which
could be the result of, severe surface damage when surfaces are in sliding
contact, extreme surface roughening with or without material transfer, solid-
phase welding damage in sliding surfaces, breakdown of the lubricant film,
material properties and operating conditions [133-137]. Surface reliability of
the piston-skirt-thrust-face has been lost due to scuffing. Scuffing in the
replacement piston was a result of thermo-elastic instability (unbounded
growth of temperature and pressure perturbations resulting in very high local
temperatures that manifest itself in the form of macroscopic hot spots. The
formation of such localised hot spots is indicative of high local stresses that
can lead to material degradation) of the piston material, sudden rise in
friction, contact temperature and vibration leading to catastrophic roughening
and failures of the piston-skirt-thrust-face and the entire piston-liner
assembly [138, 139] shown in Figure: 8.4 (a) and (b).

In Figure: 8.4 (c) and (d) of the replacement cylinder-liner, formation of the
ploughing is visible due to plastically displaced material. Repeated
unidirectional sliding contact between the surfaces and the hard asperities
plastically displaces material sideways; material displacement in this way is
known as ploughing [140-142]. Displaced material in this case is subjected to
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strain during sliding contact. When the strain exceeds a critical value,
material rupture and formation of the debris starts [140-142]. Formation of
debris at the cylinder-liner surface can be observed in Figure: 8.6 (a).The
deposited wear particles between the sliding contact of piston and cylinder-
liner has lead to the scuffing. In addition a high tendency of adhesion was
observed on the piston-skirt as illustrated in Figure: 8.4 (a) [137].

Figure: 8.5 (a) demonstrate the appearance of localised junctions/ micro-
welds. The formed junctions were strong and therefore significant wear took
place between piston and liner leading to a substantial amount of debris
particles formation. Figure: 8.5 (b) showed average surface roughness of
9.09 um on an area of length 0.58 mm and width 0.43 mm respectively. This
is significantly higher when considering friction co-efficient and its implication
on frictional heat and wear.

Figure: 8.5 Tiger 1 Rep: Piston (a) Surface Topography (b) WLI Showing Surface
Roughness Profile

Figure: 8.6 (a) is the optical micrograph of the cylinder-liner surface
illustrating build-up of wear grooves. White light interferometry was
conducted to obtain the surface prolife of the cylinder-liner shown in Figure:
8.6 (b) groove formed because of ploughing is shown with a width of 0.23
mm. The depth of the groove shown in Figure: 8.6 (c) was 21.76 um
whereas in Figure: 8.6 (d), 3D surface profile of the groove is shown.
Average roughness recorded at the groove shown in Figure: 8.6 (d) was 5.78
pum at an area of length 0.58 mm and width 0.43 mm.
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8.3. Conclusions

Wear accounts significantly for partial or complete malfunctions of the piston
and cylinder-liner assemblies in the engines. Therefore many efforts have
been made to improve materials’ bulk properties, surface treatment, design
and coatings to reduce wear in components/surfaces. Engine performance is
immensely attributed to piston’s materials properties [143, 144]. Original
piston was Al-Si hyper-eutectic alloy and approximately matches RSA - 419,

AA - 4019 and AA - 4048. Materials’ composition of each standard is given in
Figure: 8.7.

B Original Piston WRSA-419 mAAAO19 mAAL04S

B Al-is remainder in al

Yo
<

=3

Results in
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00007 000 00005 02000 013000/

a $ Na K

EIements

Figure: 8.7 Tiger 1 Materials’ Composition of Original Piston and Matching
Standards

Al-Si alloys possess low density have high wear resistance, low expansion
and thus have been increasingly used in petrol engines [137]. Original piston
performed very well, although it had been in use in the engine for a long
unknown period and more importantly operated under extreme conditions

(WWII).

Failures of the replacement piston can mainly be attributed to material
properties for a gasoline engine. Characterisation results of the replacement
piston match Al - 2031 and Al - 2618-T6 shown in Figure: 8.8.
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Figure: 8.8 Tiger Materials’ Composition of Rep; piston and Matching Standards

One of the major failures of rep: piston was severe scuffing during limited
hours of operation. In this case scuffing was the result of thermal expansion
of piston leading no/small clearance between piston and cylinder-liner, thus
resulting in higher friction, contact, temperature and vibration leading to
extreme roughening, and as a result the loss of functionality [138].
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Chapter 9 Conclusions and Recommendations

This research presented a case study followed by experimental research on
The Tank Museum vehicles’ giving consideration to failure attributed to
corrosion and wear.

9.1. Conclusions

o This research is significant with the view point that some but important
aspects of ageing are identified. Structural degradation through
corrosion has been identified and analysed in tanks of historic and
cultural significance. Materials were processed/manufactured during 2™
World War, their composition was unknown and information was
scarce. Therefore material characterisation was conducted to obtain
material compositions and nearest standards was identified.

o A bench mark of material loss due to corrosion so far, has been
achieved. Material loss because of corrosion was high in the Centaur
comparing to the Sherman, M10, BT R — 60 and King Tiger samples.
This data is important in terms of designing a life expectancy
programme through mathematical and/or empirical modelling.

o Corrosion analyses of three tanks showed corrosion morphology on the
tanks surfaces, corrosion propagation from surface to sub-surface level
and corrosion contaminants. During this experimental work various
corrosion contaminants, sub-surface crack and defects were also
identified. Corrosion residues were relatively thick (approximately 250
pum) on the surfaces of the M10, whereas the phenomenon of sub-
surface corrosion pits was wide spread in the Centaur. Corrosion
damage in the Centaur is critical and can be classified as a major risk
to its structural integrity.

o The phenomenon of corrosion was also influenced by the presence of
surface contaminants and sub-surface defects such as slags, sulphide
inclusions and corrosive pits. These factors alone and/or in combination
with each other were observed to be a serious issue in limiting vehicles’
longevity.

o Study of the environments both inside and outside the museum has
been conducted to relate corrosion activity within the context. Relative
humidity inside museum was observed to be reaching as high as 80%.
Outdoor environment in Bovington showed that relative humidity is
almost 80% most of the time, however peaks of 100% also occurs.
During these analyses average salts and pollutants were also recorded.
It was observed that fluctuations in temperature and relative humidity
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9.2.

inside the museum are not viable for the structural health of the
vehicles.

Simulated environmental corrosion tests revealed some degree of
corrosion accumulation under controlled environments. Relatively more
corrosion was accumulated when the RH value was increased (55%) in
all experiments. These results exemplify the role of RH in corrosion.
These results shown to be an important factor in determining real time
corrosion build-up.

Samples exposure to accelerated corrosion tests (ASTM G - 85 A5) for
only 48 hours, illustrated 100% corrosion accumulation. For all three
tanks the material ability to resist adverse environmental conditions
was negligible. These results are of particular interest for the vehicles
which are exposed in uncontrolled environment.

Exposure of the primer and coating to prohesion corrosion test showed,
that the primer was able to resist failures during 264 hours of exposure.
However breakdown of the coating was observed during/after 192™
hour of exposure.

Original piston which was designed before/during the 2nd World War
had enhanced tribological properties. Original piston operated for
longer hours under extreme working conditions in the WW2 and has
shown excellent resistance towards tribological failures.

Real time wear evaluation of the Tiger 1 engine revealed that failures of
the engine replacement components were mainly attributed to
inadequate materials’ selection and design.

Recommendations

Close proximity of Bovington to the English Channel results in
extensive rainfall, wind, temperature fluctuations and high humidity
together with high salt content throughout the year. For the outdoor
tanks it is important that any surfaces without protection must be
protected against such conditions. Tanks inside the museum displaying
corrosion also need corrosion treatment. Thus corrosion removal from
the surfaces, adequate surface preparation (Appendix K) and
application of the protective coatings are required.

Surface contaminants such as Cl, Na, S and F were identified on the
tanks’ surfaces. Elimination of such contaminants from the tanks’
surfaces is required as they will result in rapid corrosion. The use of
cleaning products which contain chlorine and sodium should also be
avoided.
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o Control of the relative humidity to the optimum level (35 - 45%) is an
important factor for the tank museum. This can be achieved through
better ventilation, dehumidification and air conditioning. Optimum scale
of RH and temperature will help mitigate corrosion, thus achieving
extended life of the tanks.

o The use of corrosion inhibitors (Appendix L) based upon their corrosion
protection ability; inhibition efficiency and environmental friendliness
are recommended for the surfaces where surface treatments are not
favoured. Such corrosion inhibitors are added to mineral and vegetable
oils and then applied to the surfaces without compromising the
originality of the component.

o In the replacement of components such as pistons and cylinder-liners
materials’ composition for their specific performance should be
considered.

o Suitable materials for a specific component for a specific purpose will
enhance component reliability and reduce maintenance costs.
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Chapter 10 Future Work

This chapter documents future research work which will have immense
benefits for preservation of the tanks and scientific value.

10.1. Live Corrosion Condition Monitoring

In-situ corrosion monitoring through linear polarisation resistors (LPR) is an
effective method and has proven to be a rapid response technique. LPR
sensors are sensitive to early stages of corrosion and give instant feedback
of the actual corrosion initiation on surfaces where they are mounted. The
network of LPR systems provides a low-cost, non-intrusive way to detect
corrosion before it becomes an excessive burden and is a novel method to
move from scheduled based maintenance (SBM) to condition based
maintenance (CBM)[145].

ULPR are more advanced corrosion monitoring sensors and are based on
the established LPRs. pLPR shown in Figure: 10.1 can be installed
permanently on the bare metal surface and then coated/painted to record
and measure both strain and corrosion rate. Data can be downloaded on a
personal computer through a wireless/wired network. Acquired data provides
critical assessment of structural health, leading to prediction of failure
through corrosion damage.
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Figure: 10.1 LPR Sensors - Images Courtesy of Analatom
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16 pPLPR corrosion sensors are acquired during this research and are ready
to be installed. Also a frame work of in-situ corrosion monitoring, has been
designed to install 16 pLPR on two high value tanks (8 sensors on each
tank). 8 sensors attached to data collection node (Figure: 10.1) will be used
to monitor corrosion continuously or at regular intervals. Corrosion data
under various environments from the data acquisition node can be
transferred to a computer for evaluation. Figure: 10.2 illustrate the proposed
model of in-situ corrosion monitoring for the Tiger 1.

HLPR on External and
Internal Surfaces

Images: http:ffwww fprado.comiéarmorsite/main. html

Figure: 10.2 Tiger 1 Proposed Model of pLPR Installation

10.2. Corrosion Inhibitors

Further research is needed to investigate state-of-the-art corrosion inhibitors.
They must be environmentally friendly, robust and their application on the
components may not alter the originality of the artefacts. For these purpose
novel corrosion inhibitors LAMCHEM ™ PE - 130 K and LUMULSE GML K
GLYCEROL ESTER shown in Figure: 10.3 are obtained. These corrosion
inhibitors can be added around 1% into vegetable or mineral oil and then
applied to the corrosion affected surfaces. These inhibitors are useful for the
tanks surfaces which still have the original coating, and removal of the
original paints is not favoured. Experimental research to evaluate the
durability of these corrosion inhibitors under real museum environment is
suggested.
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Figure: 10.3 Corrosion Inhibitors
10.3. Tribological Assessment

In the current research real time tribological assisted damage in pistons and
cylinder-liners of the Tiger 1 engine has been successfully analysed.
Additional research is needed to evaluate friction and wear at laboratory
level. At a laboratory level friction and wear can be evaluated utilising TE -
57 micro-friction using pin-on-plate method under various tribological
conditions on both original and matching materials.

10.4. Life Expectancy Programme

Further research to draw a life expectancy programme is required. This can
be achieved through a probability- based model based upon the
fundamentals in this research. This model may include (a) pits growth, (b)
Cracks propagation under high dynamic loads and corrosive environment,
and (c) modelling of the accumulation of corrosion under ideal museum
environment using related RH, temperature and electrochemical relations.

10.5. Corrosion of Electronic Components and Degradation of
Rubber

Corrosion of electronic components and the degradation of rubber are also
areas of major concern. The corrosivity of the solder flux and etching
solutions, and cleanliness of the printed circuit boards (PCB) plates are
playing a vital role in the deterioration of the overall electronic components.
Tyres and other rubber components within the vehicles are exhibit
degradation influenced by the environment as well as wear. Further research
is suggested to investigate such mechanisms of degradation.
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Appendices

Appendix A: Cost Savings through In-Kind Support

Location of Experimental Experimental Costper No of Nowof Hours Accommodation Total Cost Total Paid
Research Methodology Sample Samples Cost + Vat (20%)
Wilest Dl Coliqge XRF £102.00 4 3 N/A £ 408.00 0
Chichester
Technology Design Ltd ; ; £ 80/Night
Witisford| Chectire Ultrasonic Scanning £ 750.00 6 48 £320/4 Nights £ 5720.00 0
ENI aheiiedl s shwood XRF £ 105.00 3 3 N/A £315.00 0
Wishaw
FEUREOEI L [ sl St WD-XRF £ 250.00 4 8 N/A £ 1000.00 0
Cambridge
BAE Syst_ems Acceleratec! Corrosion ) 41 1014 N/A £ 7000.00 0
Filton Bristol testing
Carl- Zeiss Cambridge SEM- EDX £105.00 4 4 N/A £420.00 0
Analatom HEER Corroslon ] 16 N/A N/A £9203.62 £ 3000
Sensors
Total Cost ~ 544
Savings £ 21156.62 0.00
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Appendix B: Introduction to a Military Tank

M10 Sample 1 and Sherman Sample 3- Parts from inside M10 Sample 2 Part from the Turretlet to the main gun
armour (Right Side of the Driver)

Machine gun ammginition
Commanddr's MG

Optical periscope Hatch or cupola
Gun mantlet

Co-axial gun

Turret
Turret ring

Hull

Fume extractor
Main gun

Engine air intake

Engine compartment

FV

Armoured skirt

Driver's optics
Driver's hatch
Drive sprocket
Link

Road wheel

Glacis plate
Track

o &)
e 0.5

‘ el i Centaur Sample 3 - Part
R / ~ o ; from the armoured skirt
U near sprocket

Image : http://upload.wikimedia.orgMikipedia/commons/2/22/M1_Abrams-TUSK.svg
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Appendix C: Calibration Certificate for Ultrasonic Testing

-

ag—
Corrosion Map of Step Wedge
Customer Date Equipment TD Pocket-Scan
Weld No.
Views - C-Scan (Depth - Shallowest), A-Scan (1:1), B-Scan (Slice), D-Scan (Slice)
100 Depth (mm)
00
L.
F 40
Y 6.0
g 50 8.0
- 10.0
5 120
14.0
16.0
o 18.0
1.000uS 1.750 2500 3.2%0 4,000 4750 5.500 6.250 7.000uS 200
20
240
—
Distance (mm)
00 50.0 1000 150.0
g
(=]
s o
e ¢ g8
Depth (mm)
g
3
X-Axis = 360mm Y-Axis=100mm Channel=1 Depth=185mm Amplitude = 100.0 %

X-Axis = 106.0 mm Y-Axis =26.0mm Channel=1 Depth=146mm Ampltude=1000% <
DeltaX 700mm Delta¥ 16.0mm  Area 1,1200 mm*

File Name 11_Cscan stepwedge.scn | Scan Date 19 - September - 2006 (16:21)
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Appendix D: Certificate of Calibration for EDS

[

Spectrum 1

A
1 2 3 4 s 6 7 8 3 10 1 12
Full Scale 722 cts Cursor: 12.146 keV (32 cts) keV]
Element  Line Quant Area Sigma Fit index
Noise1  No 697053 16828 144
Noise2  No -833844 52754 149
Noise3 ~ No 663716 36703 149
C K_SERIES Yes 13985 885 88
0 K_SERIES Yes 862.0 97.0 1.1
Co K_SERIES Yes 66.6 9.1 31
Co L_SERIES No 10248 3114 147
Cu K_SERIES Yes 552372 4003 33
Cu L_SERIES No 812118 5694 173 Inhca
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Appendix E: Galvanic Series in Sea Water

Galvanic Series In Sea Water

Noble
(least active) Yellow brass

Platinum TENI-16Cr-7 Fe alloy (active)
Gold Nickel (active)
Graphite Naval brass
Silver Manganese bronze
18-8-3 Stainless steel, type 316 (passive) Muntz metal
18-8 Stainless steel, type 304 (passive) Tin
Titanium Lead
13 percent chromium stainless steel, type 410 (passive) 18-8-3 Stainless steel, type 316 (active)
TNI33Cu alloy 18-8 Stainless steel type 304 (active)
T5NI-16Cr-7TFe alloy (passive) 13 percent chromium stainless steel type 410 (active)
Nickel (passive) Castiron
Silver solder Mild steel
M-Bronze Aluminum 2024
G-Bronze Cadmium
70-30 cupro-nickel Alclad
Silicon bronze Aluminum 6053
Copper Galvanized steel
Red brass Zinc
Aluminum bronze Magnesium alloys
Admiralty brass Magnesium

Anodic _
(most active] Eﬂrmsmﬂ T“hllﬂlﬂuf hhnrﬂtﬂ
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Axios

Appendix F: Certificate of Calibration of PANalytical

Axios Configuration Manchester University
PANalytical
Spectrometer configuration
General
Identification: PANalytical UK
Spectrometer: Axios
Serial number: 934
Description: 4 kW Sequential XRF Spectrometer
Firmware: 1.0F/20050515
Changer:
(Gas system: He
Flowgas: Ar/CHa

Wake up settings

Date:
Channel: <None=
Channelset: <None=

Wake up settings

Day Wake up time Sample list name | Changer start time Use
Sunday Yes
Monday Yes
Tuesday Yes
Wednesday Yes
Thursday Yes
Friday Yes
Saturday Yes
Parameters

Vacuum warning level (Pa): 100

Start measurement at vacuum level: Yes

Minimum gas medium pressure (hPa): 750

Maximum pump time after load (s): 0

Gas flush time (s): 10
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Appendix G: Area of The Tank Museum

| B

All dimensions are in Sg Mts

These are all out side foot prints i.e.

to outer wall

TANK. HRUSEuUr?T ~ SurHarYyY

8. Maia WWTL Hell
18 A Tamiye Hall
|8 B TJolly Hall (1)
I8 C WWT Forky Hell
18D Tolly Hall (2)

I8 E Brikish Steel

New E xlbenyion ~

Gvouwne Floor

Fivsit Floor

bJCuJ IZK}thhL( ’}rtc. )
+ Frgk Floor OF(»icu

3, 54250
1,810. 45
£38 -~ 40
937 40
274 TS5

| 446. S

8,650 45

4:'85‘ 93
sI12. 27

757 . 62

15,412 - 27

from outer wall
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Appendix H: Graphical Representation of Museum - RH and Temperature

(A): RH and Temperature Values of Dec 2011- Jan 2012
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RH and Temperature Values for Jan 2012 — March 2012
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(A): AISI 1000

Overview of materials for AISI 1000 Series Steel

Appendix I: Overview of Materials for AlSI Series Steel

Categories: Metal; Ferrous Metal; Carbon Steel; AISI 1000 Series Steel

Material This property data is a summary of similar materials in the MatWeb database for the category "AlSI 1000 Series Steel". Each property range of values reported

Notes: is minimum and maximum values of appropriate MatWeb entries. The comments report the average value, and number of data points used to calculate the
average. The values are not necessarily typical of any specific grade, especially less common values and those that can be most affected by additives or
processing methods.

Vendors:  No vendors are listed for this material. Please click here if you are a supplier and would like information on how to add your listing to this material.

Physical Properties
Density

Mechanical Properties
Hardness, Brinell
Hardness, Knoop
Hardness, Rockwell B
Hardness, Rockwell C
Hardness, Vickers
Tensile Strength, Ultimate
Tensile Strength, Yield
Elongation at Break
Reduction of Area
Modulus of Elasticity
Bulk Modulus

Poissons Ratio

Izod Impact
Machinability

Shear Modulus

Electrical Properties
Electrical Resistivity

Thermal Properties
CTE, linear

Specific Heat Capacity
Thermal Conductivity
Melting Point

Component Elements Properties
Carbon, C
Chromium, Cr
Copper, Cu
Iron, Fe

Lead, Pb
Manganese, Mn
Nickel, Ni
Phosphorous, P
Silicon, Si
Sulfur, §

Metric
7.84-787 glee

Metric

86.0- 363
103-392
49.0-100
9.00-40.0
88.0-384
295 - 2210 MPa
165- 910 MPa
9.00-48.0 %
134-725%
200 - 205 GPa
140 GPa
0.290
3.00-135J
40.0-160 %
80.0 GPa

Metric
0.0000142 - 0.0000180 ohm-cm

Metric

11.0 - 16.6 ym/m-"C
0.472 - 0490 J/g-"C
27.1-51.9 WimK
1430 °C

Metric
0.0600-1.03 %
0.200 %

0.300 %
97.0-100 %
0.150- 0.360 %
0.250-2.05 %
0.200 %
0.0300-0.120 %
0.150-0.350 %
0.0350- 0.350 %

English
0.283 - 0.284 Ib/in®

English
86.0-363
103-392
49.0-100
9.00-40.0
88.0-384

42800 - 320000 psi
23900 - 132000 psi
9.00-48.0 %
134-725%
29000 - 29700 ksi
20300 ksi

0.290

2.21-99.6 fi-b
40.0-160 %
11600 ksi

English
0.0000142 - 0.0000180 ohm-cm

English

6.11 - 9.2 pin/in-°F
0.113 - 0.117 BTU/b-°F
188 - 360 BTU-in/hr-f-°F
2600 °F

English

0.0600 - 1.03 %
0.200 %

0.300 %
97.0-100 %
0.150 - 0.360 %
0.250-2.05%
0.200 %
0.0300- 0.120 %
0.150- 0.350 %
0.0350 - 0.350 %

Comments
Average value: 7.86 g/cc Grade Count:533

Comments

Average value: 188 Grade Count:518
Average value: 210 Grade Count:513
Average value: 86.3 Grade Count:511
Average value: 18.8 Grade Count:264
Average value: 197 Grade Count:513
Average value: 640 MPa Grade Count:521
Average value: 447 MPa Grade Count:519
Average value: 20.7 % Grade Count:519
Average value: 47.7 % Grade Count:511
Average value: 201 GPa Grade Count:529
Average value: 140 GPa Grade Count:528
Average value: 0.290 Grade Count:530
Average value: 42.8 J Grade Count:273
Average value: 60.2 % Grade Count:122
Average value: 80.0 GPa Grade Count:532

Comments
Average value: 0.0000173 ohm-cm Grade Count:347

Comments

Average value: 12.9 pm/m-°C Grade Count:477
Average value: 0.473 Jig-"C Grade Count:227
Average value: 51.4 Wim-K Grade Count:414
Average value: 1430 °C Grade Count:3

Comments

Average value: 0.398 % Grade Count:558
Average value: 0.200 % Grade Count:4
Average value: 0.300 % Grade Count:4
Average value: 98.6 % Grade Count:557
Average value: 0.251 % Grade Count:7
Average value: 0.939 % Grade Count:558
Average value: 0.200 % Grade Count4
Average value: 0.0407 % Grade Count:558
Average value: 0.250 % Grade Count:45
Average value: 0.0792 % Grade Count:558

Some of the values displayed above may have been converted from their original units and/or rounded in order fo display the information in a consistent format. Users requiring more precise data for scientific or
engineering calculations can click on the property value to see the original value as well as raw conversions to equivalent units. We advise that you only use the original value or one of its raw conversions in your
calculations to minimize rounding emor. We also ask that you refer to MatWeb's terms of use regarding this information. Click here to view all the property values for this datasheet as they were originally entered into

MatWeb.
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(B): AISI 4000

Overview of materials for AISI 4000 Series Steel

Categories: Metal; Ferrous Metal; Alloy Steel; AISI 4000 Series Steel

Material This property data is a summary of similar materials in the Mat\Web database for the category "AISI 4000 Series Steel". Each property range of values reported

Notes: is minimum and maximum values of appropriate Mat\Web entries. The comments repart the average value, and number of data points used to calculate the
average. The values are not necessarily typical of any specific grade, especially less common values and those that can be most affected by additives or
processing methods.

Vendors:  No vendors are listed for this material. Please click here if you are a supplier and would like information on how to add your listing to this material.

Physical Properties
Density
Particle Size

Mechanical Properties
Hardness, Brinell
Hardness, Knoop
Hardness, Rockwell B
Hardness, Rockwell C
Hardness, Vickers
Tensile Strength, Ultimate
Tensile Strength, Yield
Elongation at Break
Reduction of Area
Modulus of Elasticity
Compressive Yield Strength
Bulk Modulus

Poissons Ratio

Charpy Impact

|zod Impact

Fatigue Strength
Machinability

Shear Modulus

Electrical Properties
Electrical Resistivity

Thermal Properties
CTE, linear

Specific Heat Capacity
Thermal Conductivity

Component Elements Properties
Carbon, C

Chromium, Cr

Iron, Fe

Manganese, Mn

Molybdenum, Mo

Nickel, Ni

Phospharous, P

Silicon, Si

Sulfur, S

Metric
7.75-7.85 glce
6.70-12.0 ym

Metric
121-578
140-616
68.0-112
10.0-625
36.0-614

450 - 1970 MPa
296 - 1860 MPa
8.00-34.0%
16.0-74.4%
196 - 213 GPa
1650 - 1800 MPa
140 - 170 GPa
0.270-0.300
15.0-23.0J
9.00-138J
138 - 772 MPa
500-75.0%
75.0-82.0GPa

Metric
0.0000220 - 0.0000263 ohm-cm

Metric

10.4 - 14.6 ym/m-"C
0.473-0477 Jig-°C
426 - 44.5 W/im-K

Metric

0.0900 - 1.29 %
0.300-3.30 %
91.9-99.1%
0.300-3.00 %
0.0800-0.750 %
0.650-3.80 %
0.0200 - 0.0400 %
0.150-1.05 %
0.0200 - 0.0500 %

English
0.280 - 0.284 Ib/in*
6.70-12.0 ym

English

121-578

140- 616

68.0- 112
10.0-625
36.0-614

65300 - 285000 psi
42900 - 270000 psi
8.00-34.0%
16.0-74.4 %
28400 - 30900 ksi
239000 - 260000 psi
20300 - 24700 ksi
0.270-0.300
11.1-17.0 ft-lb
6.64 - 102 ft-Ib
20000 - 112000 psi
50.0-75.0 %
10900 - 11900 ksi

English
0.0000220 - 0.0000263 ohm-cm

English

5.78 - 8.1 pin/in-"F
0.113 - 0.114 BTU/Ib-"F
296 - 309 BTU-inhr-ft-°F

English
0.0900- 1.29 %
0.300- 3.30 %
91.9-99.1%
0.300 - 3.00 %
0.0800 - 0.750 %
0.650 - 3.80 %
0.0200 - 0.0400 %
0.150- 1.05 %
0.0200 - 0.0500 %

Comments
Average value: 7.85 glcc Grade Count:591
Average value: 9.27 pm Grade Count:12

Comments

Average value: 280 Grade Count:553
Average value: 309 Grade Count:578
Average value: 96.3 Grade Count:533
Average value: 30.2 Grade Count:525
Average value: 299 Grade Count:578
Average value: 977 MPa Grade Count:534
Average value: 749 MPa Grade Count:532
Average value: 19.2 % Grade Count:532
Average value: 54.9 % Grade Count:445
Average value: 205 GPa Grade Count:589
Average value: 1700 MPa Grade Count:12
Average value: 140 GPa Grade Count:589
Average value: 0.290 Grade Count:589
Average value: 19.8 J Grade Count:5
Average value: 63.6 J Grade Count:68
Average value: 528 MPa Grade Count:11
Average value: 59.7 % Grade Count:560
Average value: 80.0 GPa Grade Count:589

Comments
Average value: 0.0000241 ohm-cm Grade Count:567

Comments

Average value: 12.7 pm/m-°C Grade Count:220
Average value: 0.475 J/g-°C Grade Count:480
Average value: 44.3 Wim-K Grade Count:528

Comments

Average value: 0.298 % Grade Count:604
Average value: 0.795 % Grade Count:373
Average value: 96.9 % Grade Count:603
Average value: 0.703 % Grade Count:604
Average value: 0.256 % Grade Count:604
Average value: 2.17 % Grade Count:312
Average value: 0.0341 % Grade Count:593
Average value: 0.240 % Grade Count:604
Average value: 0.0380 % Grade Count:593

Some of the values displayed above may have been converted from their original units and/or rounded in order to display the information in a consistent format. Users requiring mere precise data for scientific or
engineering calculations can click on the property value to see the original value as well as raw conversions to equivalent units. We advise that you only use the original value or one of its raw conversions in your
calculations to minimize rounding error. We also ask that you refer to MatWeb's terms of use regarding this information. Click here to view all the property values for this datasheet as they were originally entered into

Matweb
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M10 Sample — 1 Count Label

6 Measurement 15

Measurement 15 - Feature 1
Measurement 15 - Feature 2
Measurement 15 - Feature 3
Measurement 15 - Feature 4
Measurement 15 - Feature 5

Measurement 15 - Feature 6
M10 Sample — 2 "Count"

"3" "Measurement 19"
"Measurement 19 - Feature 1"
"Measurement 19 - Feature 2"

"Measurement 19 - Feature 3"

M10 Sample — 3 Count Label

4 Measurement 6 Custom (1084 pixels = 10.0000 mm)

Measurement 6 - Feature 1
Measurement 6 - Feature 2
Measurement 6 - Feature 3

Measurement 6 - Feature 4

M10 Sample — 4 "Count"

nggn

"Measurement 17 - Feature 1"

"Measurement 17"

"Measurement 17 - Feature 2"
"Measurement 17 - Feature 3"
"Measurement 17 - Feature 4"
"Measurement 17 - Feature 5"
"Measurement 17 - Feature 6"
"Measurement 17 - Feature 7"
"Measurement 17 - Feature 8"
"Measurement 17 - Feature 9"
"Measurement 17 - Feature 10"

"Measurement 17 - Feature 11"

Scale Area

Custom (816 pixels
Custom (816 pixels
Custom (816 pixels
Custom (816 pixels
Custom (816 pixels
Custom (816 pixels
Custom (816 pixels

=10.0000 mm)
=10.0000 mm)
=10.0000 mm)
=10.0000 mm)
=10.0000 mm)
=10.0000 mm)
=10.0000 mm)

"Label" "Scale" "Area"

"Custom (816 pixels
"Custom (816 pixels
"Custom (816 pixels
"Custom (816 pixels

Scale Area

= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
=10.0000 mm)"

Scale Units

Custom (1084 pixels = 10.0000 mm)
Custom (1084 pixels = 10.0000 mm)
Custom (1084 pixels = 10.0000 mm)
Custom (1084 pixels = 10.0000 mm)

"Label" "Scale" "Area"

"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels
"Custom (820 pixels

= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
=10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"
= 10.0000 mm)"

0.1411

Appendix J: Accumulated Corrosion Areas Measurement of the M10

2.949136
0.141622
0.062176
0.104527
0.235336
0.061725
2.34375

"1.074106"
"0.341816"
"0.684683"
"0.047608"

mm
0.005787
0.00834
0.068763
0.05821

"5.396490"
"0.172963"
"0.033462"
"0.061570"
"0.198989"
"0.204194"
"0.135336"
"0.539709"
"0.134146"
"0.375818"
"0.163444"
"0.130428"
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Appendix K: Surface Preparation Specifications

SS5PC-SP COM
Movember 1, 2004

SSPC: The Society for Protective Coatings
SURFACE PREPARATION SPECIFICATIONS

Surface Preparation Commentary for Steel and Concrete Substrates

1. Introduction

This Surface Preparation Commentary (SP COM) is in-
tended to be an aid in selecting the proper surface preparation
method, materials, and specification for steel, other metals,
and concrete. A compilation of standards, guides, and spedi-
fications related to concrete is available as SSPC publication
#04-03 “Surface Preparation and Coating of Concrete.” The
SP COM is not part of the actual standards, but is included to
provide a better understanding of the SSPC surface prepara-
tion standards. In addition, surface preparation standards other
than those published by SSPC are referenced.

The S5PC standards, summarized in Table 1, represent
a broad consensus of users, suppliers, and public interest
groups. Details of the methods used to measure many of the
properties discussed in this SP COM are described in SSPC
publication 03-14, “The Inspection of Coatings and Linings.
A Handbook of Basic Practice for Inspectors, Owners, and
Spedifiers, 2nd Ed."

2. Contents

Introduction
Contents
Importance of Surface Preparation
Surface Conditions
4.1 New Construction
4.2 Maintenance
4.3 Surface Contaminants
4.3.1 Rust, Stratified Rust, Pack Rust, and Rust Scale
4.3.2 Mill Scale
4.3.3 Grease and Oil
4.3.4 Dirt and Dust
4.3.5 Moisture
4.3.6 Soluble Salts
4.3.7 Paint Chalk
4.3.8 Deteriorated Paint
4.4 Surface Defects

ol ol

441 Welds and Weld Spatter
44.2  Weld Porosity
443 Sharp Edges
4.4.4 Pits
4.4.5 Laminations, Slivers
4.4.6 Crevices
44.7 Concrete Defects
4.5 Rust Back

5. Summary of SSPC Surface Preparation Standards
51 SSPC-5P1, “Solvent Cleaning”
5.1.1 Petroleum Solvents and Turpentine
5.12 Alkaline Cleaners
5.1.3 Emulsion Cleaners
5.14 Steam Cleaning
5.1.5 Threshold Limit Values
516 Paint Removal
52 SSPC-5P2, *Hand Tool Cleaning”
5.21 Loose Rust, Mill Scale, and Paint
5.22 Consensus Reference Photographs
5.3 SSPC-SP 3, "Power Tool Cleaning”
5.31 Loose Rust, Mill Scale, and Paint
5.32 Consensus Reference Photographs
54 SSPC-SP 4, “Flame Cleaning of New Steel”
55  SSPC-SP5MACE Mo. 1, “White Metal Blast Cleaning”
5.51 Consensus Reference Photographs
5.6 SSPC-5P&MACE No. 3, "Commerdial Blast Cleaning”
5.6.1 Reference Photographs
57 SSPC-SP 7TMACE No. 4, “Brush-Off Blast Cleaning”
5.71 Consensus Reference Photographs
58 SSPC-5P 8, "Pickling”
5.9 SSPC-5P 9, "Weathering Fdlowed by Blast Cleaning”
510 SSPC-SP10MACE No. 2, “Near-White Blast Cleaning”
5.10.1 Consensus Reference Photographs
SSPC-5P 11, “Power Tool Cleaning to Bare Metal”
5.11.1 Power Tools and Cleaning Media
5.11.2 Power Tools with Vacuum Shrouds
5.11.3 Consensus Reference Photographs
S5PC-5P 12MACE No. 5, "Surface Preparation and
Cleaning of Metals by Waterjetting Prior to Coating”
5.12.1 Surface Cleanliness
5.12.2 Flash Rusting
5.12.3 Consensus Reference Photographs
SSPC-5P 13/NACE Mo. 6, “Surface Preparation
of Concrete”
SSPC-5F 14MACE No. 8, “Industrial Blast Cleaning”
5.14.1 Consensus Reference Photographs
SSPC-5P 15, ‘Commeria Grade Power Tod Cleaning”
5.15.1 Consesnsus Reference Photographs

6. Selection of Abrasives, Blast Cleaning Parameters,

and Equipment
6.1 Abrasive Characteristics

B.1.1 Hardness

6.1.2 Size

6.1.3 Shape

B6.1.4 Bulk Density

6.1.5 Friability/Waste Generation
B6.1.6 Recyclability
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TABLE1

SUMMARY OF CURRENT SSPC ABRASIVE AND

SURFACE PREPARATION STANDARDS AND SPECIFICATIONS

SSPC SPECIFICATION DESCRIPTION

B Detiniton of requirements for selectng and evaluating mineral and slag
Mineral and Slag Abrasives abrasives uaed for blast deaning.

AB 2 {Cleaniine 53 requirements for a recycled work mix and & descripton of he
Cleanliness of Recycled Femous sl dures,

Metallic Abrasive proE

B 3 Fequirements of chembcal and physical properties of ron and stesl

Femous Metallic Abrasive

SP1
Solvent Cleaning

Ep2
Hand Tool Cleaning

EP3
Power Tool Cleaning

SP SNACEHo. 1
White Metal Blast Cleaning

SP BMACE Mo, 3
Commercial Blast Cleaning

SP THNACE No. 4
Brush-Off Blast Cleaning

SP 8
Pickiing

SP 10MACE No. 2
Mear-White Blast Cleaning

g1

Power Tool Cleaning to Bare Metal

BDragves,

Removal of oll, grease, dit, soll, salis, and contaminants by ceaning with
aohvent, vapor, alal, emulsion, or steam,

Removal of koas nust, boose mill scale, and loose paint to degres speciied,
by hand chipping, scraping, sanding, and wire brushing.

Femoval of koose rust, loose mill scale, and loose paint to degres speafied,
by power ool chipping, deacaling, sanding, wire brushing, and grinding.

Femaoval of all valble rust, mill scale, paint, and jorsbgn mater by blast
cheaning by whesl or noazle (dry or wel) uging sand, grit or shot Faor very
conmpshe stmospherss where high cost of deaning ks war anied.

Bzt cleaning unil 5t least two-thinds of the surlece s free of 2l vishbls
residues with only staining permitted on fhe remainder. For conditions
where & thoroughly cleansd surlace is required.

Bzt cleaning of all exospt tighty adhering resbdues of mill scale, rust, and
coatings, while undormily roughening he surface.

Compiete removal of rust and mill scale by acd picking, duplex piciding, or
lecirotytic picking.

Blast cleaning nearly 1o White Metal cleaniiness, untl at leaat 953 of the
murface 8 free of 2l vialble reaidues with only staining permitied on the
remaindar. For high huemidity, chemical atmoaphers, marning, of other
comoaie environmenta,

Complets removal of 2l rust, scale, and paint by power tools, with resultnt
gurface profile.

continued.
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SP12ZMACE No. 5

Surface Preparation and Cleaning of
Metals by Water jetting Prior to
Coating

SP13MACE No. 6
Surface Preparation of Concrete

EP1AMNACE No. B
Industrial Blast Cleaning

SP15
Industrial Grade Power Tool Cleaning

VIS 1

Guide and Reterence Photographs for
Stesl Surfaces Prepared by Dry
Abras ive Blast Cleaning

Vi 2

Standard Method of Evaluating
Degree of Rusting on Painted Steal
Surfaces

VIS 3

Guide and Reference Photographs for
Steel Surfaces Prepared by Power-
and Hand-Tool Cleaning

VIS /NACEVIS T

Guide and Reference Photographs for
Steal Surfaces Prepared by
Water|etting

VIS S/NACE VIS 8

Guide and Reterence Photographs for
Steal Surfaces Prepared by Wet
Ahrasive Blast Cleaning

Detimes four degress of cleaning for visible contaminants (similar o
8P 5, 6, 7, and 10) and thres levels of fiash rest and deacribes three
levels of non-vigihle surlecs cleaningss for non-visible soluble 3alt
contamnation.

Diescription of Inspection procedures prior to suriace preparation,
methods of surface preperation, mapecton, and clasaifcaion of
prepaned concrete surfaces.

Between SP 7 (brush-otf) and SP & (commercial). The intent ks to
FeMOVEe &5 Mudh coatng &3 posaible, but contaminants ditboult to
remaove can remain on 10 percent of the surface.

Between 5P 3 and 5P 11. Removes all rust and paint but aliows for
staining, requires 3 minimum 1 mil (25 pm) profile.

Standard reference phoingraphs; recommended supplement to
S8PC surface preparation stendards 58P C-5P 5, 6, 7, 10, and 14.

A geometic numencal scale for evaluating degres of rusing of
painied stesd. Color photiographs show staining while matching
biack and white images. depict only nust. Three nust disiibutons,

general, gpot, and pinpoint, ane depicted.

Standard referance pholegraphs; recomme nded supplement to
SEPC-SP 2,3, 11, and 15.

Standard referance pholsgraphs depict previously nested stesel
(painied and unpainied) ceaned by water jefting. Phoiographs
diepict thres levels of flash nsting. Recommended as & supplement
o BEPC-EF 12,

Standard reference phoipgraphs depict previously nusied unpainied
atesl cleansd by wet abrashe blast cleaning o S5PC 5P 6 and 5P
10. Photographs depict thres levels of fiash neating. Recommendad
&3 3 supplement to SEPC-SP & and SP 10 when wet blast cleaning
medhinds are wsed.

such a5 sodium bicarbonate (beking sod ajor dryice(CO,) can
sometimes be used in places where conventional sbr asves
cannot be used. A class of sbrasves has been developed
whiers each shrasve partics is contained inawrethane spongs.
The sponge containg the sbrashe and faciitzies cleanup
and recyding. Aliematve methods of surface preparation are
discussed inmaore detail in Chapter 2.9 of the S5PC Painting
Manual, Yol. 1.

An advantzge of 2l wet blast methods is e contral of
dust emissons. Wet blast method s may involve water alone,
abrasie injecied into e waler steam, water injecied indo
an shrasive airstream, or 8 water curtain swmounding an sirf
ahrasive stream. Power tools with vacmum shiouds have also
beenproven eftective imconir olling dust emissions, particulary
in removing lesd-containing paint. It is important to node that

suriace preparation methods wsed to control dust may nat
necessanily eliminate any hazands associztedwith disturbance
of hazardous matenals swuch &5 lead. In applications whers
the presence of soluble salts on the stesl surface oeates &
senous problem, such a5 Enk linings, it may be bensficial to
incorporate water inio e cleaning process.

Tiogainm samum benedit from a high perionm ance indws izl
coating, it is not prudent to cutbadk onthe surface prepa ration.
Surface preparation is imporsnt evenwhen 2 surface nlerant”®
coatng is used. When the mamfacturer daims a paricular
coatingwill “iplerais” a given amount of rust, old paint, or other
contzmination on the steel surlace, it is lkely fat the coating
will pariorm even betier if the surface is preparsd 1 3 higher
kevel of cdeanliness.
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4. Surface Conditions

The initial condition of he surace o be cleaned will
determing the amount of work, time, and money requined 1o
achieve any particulardegree of surfacecleanting ss. Itis mons
dificuit i remowve contaminantsfrom nustyste el than from intsct
mill scale. Theretars, it s necessarny to consder the surface
condition prior i selecting fve method of cleaning.

The initial condition of the steel may determine s choice
of abrasive to be used. Stesl shot is an economical and e
fective choice for removing intect mill scale. However, if e
stesd 15 rusted andfor pitied, & more angulsr abrasve such as
stesl gitor anonmetallic mineral abras ve willmaors effectvely
“scour ouf® the nust.

Although there are almost an infinte number of inimal
condibaons, they can be broadly divded into firee caiegones
&5 foliows:

+  New constrecton—stes not previcushy painted
Maintenancs—previously painted stesl

+  Contamingied suriaces— comman to both new con-
siruction and maintenance.

4.1 NEW CONSTRUCTION: For new constraction there
arg four surface condbons based upon the nust condiion
casaificatons. These initial conditions, definedin SSPC visual
consensus relerences, namely, S5PC-VIS 1, 858PC-VIES .and
SEPC-VIS 4, are as follows:

Rust Condition A Stesl surlace coversd completaly
with adherent mill scale; lithe or no
rust vigibles
Sieel surlace covered with bot mill
scale and nust
Sieel surace completely covered
with nust; litle or no pitiing visble
Siesl surizce completely covered
with nest; pitting visible

Rust Condition B
Rust Condition C

Rust Condition D

Rust Conditions A, B, C, and D are also refemed 1o 25 Rust
Grades A, B, C,and D.

4.2 MAINTENANCE: The SSPC documents contzining
fhe consensus refersnce photographs also define conditions
E, F, G and H for previously pained surlaces.

Condition E  Light-colored paint applied over & bilast

cleaned surface, paint mostly intact

Condfion F Zinc-nch paint applied over blastcleanad
sieel, paint mostly intact,

CondfionG  Painting system applied over mill scale
bearing stesl; sysiem thoroughly wesath-
ered, thoroughly blistered, or thoroughly
stzined.

CondiionH Degraded panting system appled oversissl;
system thorouwghly weathered, thoroughly
bilistered, or thorough by stained.

SSPC-5P COM
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Im maintenancerepaintng, fe degres of surace prepars-
fion resquiired depend s on e new painting system and on the
extentof degradaton of the surace o be painted. The amount
of nusting on & suriace is based on e numenical scale of Oto
10 given in S5 PC-VIS 2 (ASTM D 610), “Standard Method of
Evaluating Degres of Rustingon Painted Steel Surfaces, whers
& rating of 10 indicates no rust and & rating of O indicates maore
than 50 pencent nusting. 55 PC-PA Guide 4, “Guide 10 Mainte-
nance Repainting with Ol Base or Abyd Painting Systems,”
suggests e minimum surface preperation nesded for each
desgres of resting. The S5PC Painting System Comments rywill
also help in estmating surface preparaton requirements.

I estimating rest percentages, pholographs and sche-
mate dizgrams of the type shown in S5PC-VIS 2 can serve
as practical aids. The Guids to S5PC-VIS 2 shows black and
white schematics of aciuesl rest patiems which serve as guides
for pudging e percentage of sursce coversd by nust [after
removal of staing) or rest blisters. 35PC-VIS 2 shows. three
difierent configura tons of rusting— generzl, pinpaint, and spot
nest

Comments onswrizce peparationformaintenancerepant-
ing are given in S5PC-PA Guide 4, “Guide to Maintenance
Repainting with Oil Base or Akyd Painting Systems.” This
guide includes & descripton of accepisd practices for retain-
ing ol d, sownd peint, removing unsound paint, feathening, and
spot cleaning.

4.3 SURFACE CONTAMINANTS: Typical contaminants
that showld be removed during surface preparation ane rnust,
comosion products, mill scale, grease, oil, dirt, du st, motsiure,
soluble s3is such &5 chiondes, sulfaies, eic., paint chalk, and

loose, cradked, or pesling paint.

4.3.1Rust, Stratified Rust, Pack Rust, and Rust Scale:
Rust consists prmarity of inon ceades, the comosion products
of stesl. Whether loose or relatvely tohthy adherent, rustmust
b remowed for satistacion coatng peromance. Rust result-
ing from the comosion of steel is not 2 good base for applying
coatings because it expands and becomes porows. So-called
“owver-nestpnimers” (atso refemedto a5 “nest converiers”) donot
periorm as well &5 conventional coatings applied over clean
gieel, and the effectivensss of rust converters i unproven.

Statified rust, pack nust, or st scale oocur when the
iron oeades form in & definde shape rather than in grains or
powder. Pack nest typically forms betwesn mating surfaces
(2.0, Increvics areas), whensas nust scale and stratfisd rust
form on e surzce of the stesl (2.0, on stesl plates, webs,
and flanges). Stratfied rust, pack rust, and rust scale can be
diskodoed from the surlace in pleces or layers a5 lange a5
several inches (centimeters) scross. Some of this nust can
adhereso tightly 1o the hase metal that s power warebnesh will
ot remave it Even though it is consdered “tightly sdhensnt”
becauss it cannot be ified with 2 dull putty knils, it provides 2
very poor surlacs to paint over. Eventuslly fe nst will loosen
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and dislodge from e surface leaving lange are s unprotected.
Siatified rust, padk rust, and rustscale must be removed with
impact tools such as chipping hammers, scabblers, nesdle
guns, and rotary impact flap assemblies.

Ideally, fresetypes of nust shou ldbe removed, eveniorhe
lowe st degress of hand and power ool cleaning, S5PC-5P 2
and S5PC-5P 3. However, & judoment must be mads on each
jobwhether the costand effort requinedto remove the stratified
nust, pack nest, and rustscals can be ustfied by e expected
increase inthe lide of the coating system. Where tfhese forms
of nest are a problem, the confracting parties should come 1o
an sgreement on the exient of removal at the outset of the job.

4.3:2 Mill Scale: Mil scale i3 2 bluish, somewhat shiny
osade residue that forms on sieel surfaces duning hot rolling.
Although initiglly tightly sdherent, it eventually cracks, pops,
and dishonds. As & general rule, unless completely removed
belore painting, it will later cawse e costings to cradk and
expose e undarhang siesl Stesl is anodic 1o mill scale and
50 comodes more rapdly in this combinaton of “dissimilar
metals.”

Mill scale is emate in its effect upon the perormancs of
coatings. Tightly adhered or intact mill scale may not have
o be removed for mild atmosphenc exposure. i, however,
fhe steel surface & o be coated with primers with low wet
fing properties or esposed 10 SEVENS eMATONMENnts Such a5
chemical exposures of immersan in fresh or salt water, fien
removal of mill scale by blast deaning or power tool cleaning
s nesessarny. Note fiatthe etion required o remowve all tohithy
adherent mill scale uswally resulis in 3 surface that has less
staining tan fie maximum 33% permited by SP 6 or 5P 15,
bt may have more staining fan fie maxmum 5% permitied
by SP 10or 5P 11.

4.3.3 Grease and Oil: Even thin fims of gresse and o,
which may not be readily visible, can prevent tight bonding of
high perormance coatings. Oil paints may be tolerant of fhin
il films. Visiole depo sits of gresse and ol | should be removed
by sohvent cleaning, SSPC-SP 1, priar io mechanical cleaning
(&0, power toolorabrasive blastde aning). If this precleaning

i not done, the power ools or abrasive blzsting may spread
he grease or ol over the surface wivout removing it

4.3.4 Dirtand Dust: Dirt and dust can also prevent tight
bonding of coatings, and should be removed completely.
180 8502-31982, “Preparaton of sieel substates belore
applicaton of paints and related products—Tests for fhe as-
sessment of suriace ceanliness—Part 3: Assessment of dust
on stesl suriaces prepared for painting (pressure-se nstie
mpe method)” prowdes a method of determining fe amount
of dust on a suriace prior o painting.

4.3.5Mod sture: Steel surf e smust be dry before cezning
and painting. Moisture may eitherp roduceflashin sting belore
paintingor accelerateunderilm comosion aferpaintng. Water
&N alsoprevent &n organic coating from property “wetting ouf

the surlace on metal or concrete surisces, and may disnpt
the cuning of the coating.

4 3.6 Soluble Salts: Soluble salts are depositd from the
atmosphere onio surfaces. If they remain on the suriace after
cleaning, they can atiract moisture which can permeate the
coating and cause a blister (oamotic blistenng). Salis, particu-
larty chiorides, may also scoelersis the oo mosson reaction and
unider film comosion. Methods formeasunng the amountof salt
on the surface are desoribed in S5PC-TU 4, “Field Methods
for Retrieval and Analysis of Soluble Saits on Substraes.” In
S0ME crcumstances it s desirable to remove soluble salts by
power wa shing or other mefhod prior o power ioolor abrasve
blast deaning. In other circemstences, salt removal is more
efficient atter intial power tool or abrasve blast clesning has
been performed.

Sometimes & maemum level of soluble salts 5 speck
fied inthe procurement documents | job specification.) Thres
commanty specified levels, as venfied by field or lsborstory
anahysis using relizble, reproducible 25t methods, ane:

+ The surface shallbe freeof detectzbie levets ofsoluble
contaminants.
The surface shall have less than 7 po/iom?® (0.0007
grainsAn®) of chionde contaminants, less fhan 10
waiom® (0,001 grainsfin) o fsoluble femous inonlevels,
of less than 17 po/iom?® (00017 grainsfin?) of sulizte
contaminants.
The surace shall hawe less than 50 pgien?® (0.005
arainsin®) of chionds or sulfste contaminants.

The U.5. Navy has established masimum sllowable levels
of chionde &5 measured with an adheshe patchiconductvity
meter method. Curently these requirements are 3 paem? for
tanks and immersed surlsces and 5 pocm? for Dpside and
non-immersed surtaces. Similary, the conductwvty require-
ments are 30 pSicm for immersed surfaces and 70 pSiom
for non-immersed applicatons.

4.3.7 Paint Chalk: The sun's uliraviclst loht causes all
e Or onganic coatngs to chalk to some extent Chalk is the
reaidue left after detenoration of the coating's surface onganic
binder. Alllooss chalmustbe re moved before coating in onder
fio vid intercoat sd heson problems. 11is ofien specfied that,
betore topooatng, old paintmust have a rating of no less than
&in accordance with ASTM D4 214, “Test Method for Evaluat-
ing Degree of Chalking of Extenior Paint Films.”

4 3.8 Deteriorated Paint: All loosspaint (can beremaoved
with 2 dull putty knife andior fzils pre-established sdhesion
values) must be removed betore maintenance painting. Betore
remaoving any okd paint, #must bede ermined whether the paint
contains significant amounts of lead or ofher tosic matenal.
toner maternisls are found, specisl precautions must be sken
o prodect workers, others in the area, and the emaro nment.

4.4 SURFACE DEFE CTS: Coatings tend to draw thin and
pull 3wy from sharp edges and projectons, leaving litte or no
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coating to protectthe undarhang sieel, thereby increasing he
potzntal for costing fzilure. Omer featurss of steel thiat are
difficult fo property cover and protect include crevices, wekd
porosity, laminations, eic., discussed below. The high costio
remedy these surfaceimparsctions requires weighing theben-
efits of remedial methods such a5 edge rownding or grinding,
vET5US 8 potental coatng feilure. Some high solids co atings,
often requiring plurzl component goray, heve edge reEnthe
properties that may lessen e effect of sham edoea.

Piosoirty adhening conts minants, suchas wekd sla gresiduss,
loose weld spater, and some minor surece laminations, may
e removed by abrasve blast deaning. Other sudacedelects,
zuch a5 steel laminabons, weld porosites, or desp oo rmosion
pits, may not be evidant until after abrashe blast deaning.
Therelore, fhe timing of such surface repair work may oo
betore, dunng, or after preliminary surface preparation opers-
fions have begun.

4.4.1 Welds and Weld Spatter: Weld spatter should be
remioved prior to blast ceaning. Mostweld spatier, except that
which is very tightly adherent, can be readily removed using a
chipping hammer, spud bar, or scraper. Tightly sdherning weld
spattar may require removal by gnnding. Wedd spatier that is
miot removed will result in & lower coating film thickness (ason
gharp edges) and may disbond from e bese metal resuling
inzd hesion falure. Welds canalso have shampprogecions that
may penstrate thirough the wet paint. NACE RP01 T8, “Standand
Recommended Practce, Fabrication Detals, Surace Finish
Requirements, and Proper Design Consderatons for Tanks
and Vessels i Be Lined for Immersion Senvice,” provides
details on grinding welds.

4.42 Weld Porosity: Alfhough t may be outsds the
scope of surface preparaton for coatng applicaton, areas of
porosity might warrant furher investigation.  Unacoe pishbie
porosity is defined in the Amencan Welding S ocety standard
ANE D11, “Structural Welding Code " Acceptable weld profiles,
anc sikes, and weld cleaning are also addressed in Secton
Sof AWS D1.1.

4.4.3 Sharp Edges: Shampedges, such &5 those nomally
oocumng on rolled structural members or plates, &s well as
those resulting from flame cutting, welding, grinding, &tc.,
and especally sheanng, could hawe an influence on coating
periormance and may need o be removed (eg., grinding,
mechanical sanding, filing). Care should be taken o ensure
fhat new sharp edges are not oreated dunng the removal
OpErations.

4.4.4 Pits: Deep cormosion pits, gouges, clamp marks, or
ofer surizce dis.con inuities mayre quire grind ing prior io paint-
ing. The surizce may slso regquire filling with weld material.

4.4.5 Laminations, Slivers: Rolingdiscont nubes (laps)

may have sharp protreding edges and deep penetrating crev-
ices. It is benefical fo remove such defects prior io painting.
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‘Vanows methods can be used 1o eliminate minor slivers (2.0,

soraping and grinding), and filling may be necessary. Filling
of indentations may also be necessary.

4 4.6 Crevices: Areas of poor designiorcormosionp rotec-
tion, such a5 tack or spot wekded connectons, Deck-o-back
angles, orevices, etc., may require special stention. Where
possble, suchdeficience sshould becomeried by structural or
design modification. Wherea this is not possible, filling, and'or

specal surfzce preparston and painting procedures may be
nesdsd,

4.A.T Concrete Defects: As s e case for stesl, repar
of surace defects on concrets is important for 3 successhul
coating applicaton . |dentificato n and repair of detects incon-
crete are discussed in Appendi A of S5PC-5P 13, "Surlace
Preparaton of Concrete” Some specfic defects that require

Teqair prior io surface preparation and application of 2 coating
af pohymer overlzy are: mechanical damans, exposed rehar,
honeycombs, scaling, spalling, bugholes, pinholes, andgener-
aly unsound conorete. The surace must also be cleaned of
organic contaminants such as moss, mildew, and algas.

4.5RUSTBACK: Rustback ocours whenfreshiy deaned
siesl is exposed o condibons of hegh humidity, moistre, ora
comosve stmosphere. Thetimea intenval betwes nblast cleaning
and nuest back will vary greatly (from minutes to wesks) from
one environment o another. Because of this facior, timeliness
of inspection is of great imporance. Ingpection must be co-
ordina ied with fie contractor's schedule of operation in such
& way &5 to svoid delsy. Acceptance of the prepared surace
must be made prior to application of fe prime cost, because
the degree of surface preparation cannot be readily verfied
after painting.

Under normal mild atmospher icconditions it is best o ooat
& blast deaned surface within 24 howrs after blast cleaning.
Under no crosmstances should the sisel be permitied o nust
back before paintng, regardiess of the tme elapsed. (With
wet abrasve blast cleaning or walenating, & certain level of
flash musting may be accepizhie | 1f waible nust oocurs pror to
painting, suriaces mustbe re-cleaned to mest contract clean-
ing requirements (2.9. S35PC-5P 10). &t is incumbent wpaon the
COnTa ctorto verify (using recognizedquality control 515) and
document e quality of thecleaned surface betore proce eding
with application of the primer even if third-party inspectan is
required.

Maoisiure condenseson any surface that is colder anthe
dew point of the swmounding air. It is theretors recommended
thatfinal dry biast cleaning should not be conducied when the
sieel surlace is less than 3 C° (5 F*) above the dew point.

Excessvewesaienng orexqosure ofbare steelinchemcal
contEminants suchas chiondes and sulfates prortoblastclean-
ing should be avoided since pitting of the stesl may increase
cleaning costs and makes removal of contaminants dificult
After blastcleaning, even slight resdues of chiondes, suliates,
or other electrolyies on the sieel surface may be harmiul and,
tor some coatings, may cause premature coatng failure.
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Resdualchemcal contemination on e surface cancause
e steel to rust beck quickly. Painting immedizie ly after blast
cleaning bedore the rust back occurs will trap the contaming-
ton between the paint and the substrate. Even though he
stes| “looked” clean when it was painied, it is betier o first
remove the contamingion hat cassad the rapd nest beck befos
FEIntng.

5. Summary of SSPC Surface Preparation
Standards

Althowgh these sta ndands are primari ty inienda dfiorheavy
metzl or plate, most are also suitble for light weight or fin
section metal. Obvicusly, cauton must be exsrcised when
using methods such 25 abrasive blast cleaning or watenst-
fing on fin gage metal since damage by warping may ocour
from excessive peening of fie surace or rom e st of
the water. Occasions will anise where these standards will not
result in the type of cleaning desired. In such cases, he con-
fract documents may nesd to modiy the surface preparaton
gtandards to obtain the result desired. Regardiess of which
methods are wsed, ad)scent equipment, pre-finished items, or
surfaces that could be damaged from the method of surface
preparation must be proteched.

Occasionally in maintenance painting, & new paint used
0 make repairs is incompatible with the existing paint. Undsr
thesecircumstances 2l paint, reg ardiess of condition, will have
1o be removed. Aminimum of 35P C-5P &, “Commercial Blast
Cleaning” is ususlly nece ssary.

“Good Painting Practice” (Volume 1 of the S5PC Paint
ing Manual), devaotes several chapters o mechanical surface
preparation, and it also discesses specsl suraoe preparz-
tion requirsments for shops, ships, highways, tenks, vessels,
refinenes, and vanous types of plants. Volume 1 should be
consufted when choosing & surtace preparation standand.

The “Commentary on Paint Specificatons” (Chapier 4 of
this volume) showes the minimum swrfzce preparaton regquirsd

fior each of the 85PC specification paints. Similarly, the *Com-
mentary on Paintng Systems” (Chapier 3) shows e recom-
mended minimwm surece preparation for each paint system
and for the vanous individual aftematve primers within each
system, intencommontypes of exposure. The guides foreach
genenic coating type discuss insome detail the required surface
preparation. For example, S5PC-PS Guide 12.00, *Guide o
Zinc-Rich Coatng Systems” has a table showing the minimum
suriace preparation required for each type of Zinc-rich coating
in ten difierent environmentzl zones.

The SE8PC surlsce preparation standards wers num-
bered acconding o the chronological order inwhich they wers
adopied, mot according fo their degree of thoroughness of
cleaning. For example, some time after S85PC-5P 5, “Whits
Metal Blast Cleaning” and SSPC-5F 6, "“Commercial Blast
Cleaning” were issued, 3 nesd arose for & standard betwesn
thess two. Hencs, the standard for Mear-Whits Blast Cleaning
was developed, but the next available numberwas S5PC-5P
10. Similarty, despit the numbering , 55PC-SP 14, “Industrial
Blast Cleaning,” is a degres of cleaning betwesn S5PC-5P
7 “Brush-0ff Blast Cleaning”® and S5PC-8P & Most recently,
SEPC-5P 15, "Commercial Grade Power Tool Cleaning” falls
betwesn S5PC-8F3, Power Tool Cleaning” and S8PC-5P 11,
“Power Tool Cleaning o Bare Metal” Table 2 lists the 35 PC
surlace preparstion stendards in order of thoroughness of
cleaning.

5.1 S5PC-5P 1, “SOLVENT CLEANING™: This solvent
cleaning standard incudes simple onganic 5o hent wiping, im-
mrsion in solvent, sohvent spray, vapor degreasing, aksline
cleaning, emulsion deaning, and steam cleaning.

Sohvent e aning is used primarily to remove oil, greass,
dirt, soil, drawan g compounds, and ofhe r similar organic com-
pounds. Inonganic compounds such as chiondes, suliaies,
weld fux, rust, and mill scale are not removed by cleaning
with qing anic sohents.

TABLE 2
RELATIVE RAMKING OF SSPC SURFACE PREPARATION STANDARDS FOR STEEL

BASED OM THOROUGHMESS OF CLEANING®

Maost Thorough Cleaning Dry Abrasive Blast®

Hand and Power Tools Waterjetting

SP5
SP10
SPE
SP14
Ep7

EF 12, WH
BP 12, Wiz

SP11

SP15 SP 12, W3

SP 12, W
8P 3

Sp2

1 This rarking is not meant o imgly tha! diflesnt methads of clbaning on the same level am equivalent. For exampla, 5P 14 is nal the sams
#& 5P 15, nor areeifer of hese the same as 5P 12, WHL I 5P 14 is desined, bul abrasive blas! deaning is nol possbie, 1han Fe doses

alaimaives wouldbe 5P 15 or 3P 12, W4

¥ SEPC-5P 1, Salvent Claaning, o remave ol and grease is a premaquisite b all abrasive bls! and hand and power ool dearing slandasls.

158



Many sobvents are hazardous. Care must be taken when
using sohents for soheent cleaning. 5 pecial s alsty precautions.
must be ioliowed with regard to ventilston, smoking, static
electnicity, respirsiors, eye protecton, and skin contact. Used
sohvents should always be recyded or disposed of acconding
0 applicable emiranmentsl regulations.

Detengentiwatercleaning is 2 very gentle me thod of sohvent
dlean ing. Aguenus solutions of housshold detergents maybe
effectivein e removalof light deposis of gresseand oil. They
seldom have adverse etlects on substrates.

Alialine cleaning compounds cover 8 verywids rangs in
composibon andmethod of use. Itisimportant that ressdue s of
slkaline compoun ds do not remain on the surzce afier dean-
ing. The deansd surface may be tesied with limus paper or
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universal indicatng paper io ses that itis neutral or atleast no
more sk aline fanthennsewaterthat is used. Vanous sobvent,
alaling, and detergent cleaning compounds ane discussed in
Volume 1 of the S5 PC Painting Manual.

5.1.1Petroleum Solvents and Turpentine: These types
of sohvents clean the metal by dissobing and diluting the o
and greases which contaminats the surface. All sobvents ans
potentizlly hazardoes and they should be used undar such
conditions that their concentration in air being bresthed by
wiorke rs 5 lowenough for safety (ses Table 3). When used in
chosed gpaces whers the safe concentration isexcesded, ap-
propn st respiraiony protecton should be wom. The fresh sir
intake should be cearof carbon monoesde orother contaminants

TABLE 3. THRESHOLD LIMIT VALUES (TLV) FOR SOLVENTS!

OSHA Industry
ACGIH Values Values
TLV-TWA' TLV-STEL® TLV-TWA'
ppm___ mg/m'  ppm  mg/m’ ppm___ mg/m’

Acstone 500 1780 750 2375 1000
Banzene (Benzol)—Skin 05 30 25 75 1 -
Carbon Tevachionde—Skin 5 31 10 &3 10 -
Cyciohesane 100 3 - - 300 1050
Epéchior ohydrin— Skin 05 - - 5 19
Etwl Acetate 400 1440 - - 400 1440
Eanal (Ethyl Alcohol) 1000 1880 - - 1000 1900
Efylens mua]:ndaﬂ 2 o 0 3 B - 00
Effwyienedaming— Skin 10 25 - - 10 25
Furfuryl Alcohol—Skin 10 40 15 0 50 200
Methanal (Methyl Akohol)—Skin 200 - 250 - 200 260
m"-"““:[ “m e 174 - - 25 -
VM & P Naphtha 300 1370 - - - -
Perchio rosthylens —Skin 25 170 100 685 100 -
sopropy| Alcohal—Skin 400 - 500 - 400 480
Stoddard Solvent 100 525 - - 500 2900
Tohuene 50 188 - - 200 750
Trichloroethyiene 100 535 - - 100 -
Turpenting 100 556 - - 100 560
Nybene (Xylol) 100 434 150 851 100 435

TLVETWA [Thrashabl Lisrit Ve —Tirme Weightad Averaga): The Sme-weighled sverage concentaion br a eorvenSonal B-hour wadiday

and a40-hour workweak, to which it is beeved al nearly all workers may be repeatedy epased, day aler day, withoul advesa afecl

@ TLVSETEL [Threshekd Linit Valks —Shert Tarm Expesure Limd ) The mademdm conceniation b wiich werkes cin be egased ke 2 sher
S withaul sullering Born initlion, cherie o insversil Sssie damaga, o narcass of silfident dagres b increase s Telhoad of acet
dardal injury, ingeir sal-mscus of matarally reduce work afficancy, and provided B B daly TLETWIA S not exssaded. Exposures hove
1 TUV-TIWA up B Bha STEL shaull nat be bonger 1 15 minutes and sheuld nal aceur mare Sian B lines per day. Thare should ba a1

laa s B0 minues belwesn SUcosSSvW expasunes in Fis ranga.

OS5 HA Fmits may be dflerent kom ACGIH recommendaiions.

In ganaral, $e ammalic ydrocason contant will detesnineg what TLY agplies.
Values wars oblained fom wew.osha govidisichemicalsampiingfociios_chemsamg himl These TIVs am revised parodically. Node Sa
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from engine exhausts or ofher sownces. The concendra ton of
sohvent in air should not exceed the lower limit of flammabil-
ity 25 fire or exploson may result. Some solvents, especially
aromate sohents, will slso dissolve the vehicle of paints 5o
ey can be removed. |t isimportant that the lastwash or rinse
b mads with clean solvent in every case or & film of ol or
grease will be keft on e surace when the sohvent of the last
washing evaporates. This film may interfens with the bond of
e paint to e metsl.

Petroleumba semineral spints (2liphates), with 2 minimem
fizsh point of 38°C (100°F) should be used as the gensral
pumpaoss sobvent for cleaning wndsr normal condions. In hot
weather, or when the temperature is 25 1o 35°C (80 10 95°F),
hisgh flash aliphatc minera| spints with & minimum fash point
of 80°C (122°F) should beused. Invery hot weather, when the
Empersturs is over 35°C (95°F), heawy minsrzl spints with 2
flash point over 60°C (140°F) should be used. Gasoline and
WM. & P. Naphtha are too dangernous for wse wund er ondinany
cond ibons.

Aromatic sohents may be used whers greater sohency
5 required, but they are more ioxic and e solvents generally
availlable have low flash points. Benzol (benzens) is e most
foaiic and should not be used, particulary in view of its low
fizsh point and atiendant fire and esplosion hazard. Xyens
(yhol), toleene (toheol), and high flash naphtha may be wsed
whan their concentration in air that is being bresthed doss
ot excesd e safe Imit (ses Table 3). If the concentration
s greater, appropnate respiratory protecton should be wom,
Because of the low flash points of thess sohents, fire and ex-
plosion hazards are inherent with their use and great caution
shoud be taken o ensure safe working condibons.

Chilorinated hydrocarons may be used. However, due
o tosscity, chiorinated hydrocemaons are not recommended
for general use except with special equipment and rained
operators. Chionnated hydrocarbons should never be used
whera they may sffect stainless sieel.

Im penersl, sohents are satistactony for use provided that
ey mest the flash point reguirements above and st they are
wesesd e rsuch cond tions fhat e aoncentration ofchionnsied
rydro carbons in air doss not constitute a he alth hazand (ses
Tehle 3). NOTE: Always review the MEDS supplied with any
sohvent for proper safety/health and envinonmen sl pre cautions
o be taken when using the sohent.

5.1.2 Alkaline Cleaners : These cean ers sapon ity censgin
oils and gresses, and their surface active constiusents wash
away ofher types of contaminants, such as oll. They may be
particularty effectve in removing some coating types hecause
e akal saponifies the dred paint whice, Since the soaps
formed are solsble in water, fhe contaminants are mare easily
removed by washing with water after saponification. Although
alkzline caaners pose no problems 0 2 stesl substrete, ex-
tended exposure will cawse significant damags to sleminum,
anc, wood, or conorete.

The most commonly used alkaline deaner is tisoduem
phosphate (TSF), but there are other akalis which are used.

Someof these ane mixturs swith wetting sopents and detengents.
They are svailshle &5 proprietany produects and showld be used
i accondance with directons of the mamnutactuner. f not used
properhy, aksline cleansrs will damage ol Hoese costing s,

It mo commercial akaline deansr is avaiable, good e
sults may be achieved by the use of 15 grams of msodiom
phosphate (TSP) per lier of water (2 oz'gal), towhich is also
added so8p or other suitable detergent at & to 15 grams per
liter {1 1o 2 ozdg al). This solution is best used hot; if used cold,
itmay beadwisabls 1o incres se e concentration. This solution
5 suitable for spraying or scrubbing; if wsed in dip tanks, the
concentration may be mpled.  notwashed from the surface,
this midure will soften and eventually loosen many paints.
Local sewer disposal regulations should be rewswed before
using TSP

A soap film left on the surfzce i ust a5 damaging to the
paint bond 25 5 an ol or grease film; tfhersfore the surzce
should be thonoughly washed (preferably with hot water undsr
pressune) o remove this soap and ofer resdus. Morsover,
&l 2z i must be thonowghly removed from the surace or the
new paint may be saponified and dama ged by it. To test the
efiectvensss of the wash, universal pH t=st paper should be
placed against the wet steel. The pH of the washed surzce
should be no grester than the pH of fhe wash waisr.

Albzling cleansrs must be used with caubon snoe bed
bz may result from contact with some solutions. Partcular
care should be paid 1o protecting the eyes of workers, safety
googles or eye shiskds should be womn. Rubber gloves should
be wom i the solstions will contect workers' hands. Where
alkzline cleaning compounds & e sprayed , respirators should
be wom.

5.1.3 Emulzion Cleaners: Emulsion cleansrs ususlly
contzin ol soluble soaps or emulsitying agents zlong with
kerogens or minsral spints. They are useally supplied 25 &
concentate which may be fhinned with kenosens or mineral
spints and sprayed on e surisce to be cleansd. They are
emulsified by e action of water under pressure and washed
away along with o, gresse, and ofher contaminants. They
may be dilvied with water, emulsfied, and wsed in that cond-
tiom. In any event, the dirsctions. of the manutachurer should
be followed.

A residues of emutson is slmost always lefton tfhesurface.
This resdue will leave a thin fim of ol on e surace. If the
paint o be applied cannot ioleraie a slight amount of o, the
residus must be washed from the surace by steam, hot water,
detengents, solvents, or akaline deaning compounds.

Alksline emulsion cleaners, which combing e advan-
tages of e alkaline cleansrs and the emulsion cleaners, are
availahie.

5.1.4 Steam Cleaning: Steam deaning may utlzs sther
steam, hot water under pressune, or both.

The steam andhot waisr, when used toclean the surfans,
arz usually used with a detergent and sometimes also with an
akaline cleansr. The steam and hot water themsehves. tend
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o remove the oils, greases, and s0aps by thinning them with
Ieat, emuistying them, and dileting fem with water. They can
then be easily removed by further washing. When detergent
5 used, s higher affinity for fhe metal also causes the ol
grease, and, in S0me cases, even the paint 1o loosen, thersty
incresmng the rate of ceaning.

Mew paint will not adhere 1o e metal f any of fe oi,
grease, snap, detergent, or skl s lett on the suraos. A final

washing with clean water is therstore always necessary.

5.1.5 Threshold Limit Velues: Threshold lmit valees
(TLVs) of common cleaning sohents can be obisined from
e OSHAweb site www. osha pov/disichem ica lsampling o/
inc_chemsamp hitml (ses Table 3). The Amencan Conference
of Govermmenial |ndustrial Hygienists (ACG H) also publishes
& bookdet listing fheir recommended TLVs and Biological Ex-
posure indices (BEIS). Note that OSHA limits may be differ-
ent from ACGIH recomme ndatons. These TLVs are revised

peniodicalty.

5.1.6Paint Ramowal: Althoughnot addressed in S8FC-EF1,
many of the cleaning methods may adversely aHect exsting
paint. A strong sohent used in sofvent deaning may cause
the existing paint o sofen or disbond from the substate. The
adhesive nature of fie old paint is reduced by chemical action
on e paint. Where complste paint removal is the primany
obyect, cawsbe soda (sodum hydroseds) or & commerncisl peint
strpper may be used. Aksl desners remove ol base peint
and sohvent cleansrs removel siExes and lecguers. Sieam can
e wsed o remove old paint by degrading the wehide of e
olkd paint by variue of the high temperatures so that it loses its
strength and its bonding to the metal. information on chemical
stripping can be found in the Echnology update SEPC-TU 6,
“Chemical Siripping of Organic Coatings from Steel Strucures,”
and in Violume 1 of the S5PC Painting Manual.

5.2 55PC-5P 2, "HAND TOOL CLEANING": Hand ool
cieaning is 8 method of surizce preparaton ofien wsed for
mormal & tmosp henc exposwnes, forinienors, and for mainis-
nance painting when using paints with good wettng ability.
Hand cleaning will remove loose nust, loose paint, and loose
mill scale but will not remove 2l residue of nest or intact mill
soale. For deaning small, imisd areas prior o mainie nance
priming, hand dea ning will wswealty suffios.

Care in hand tool deaning is also especially important f
the prime cost is 10 be applisd by spray, because & sprayed
coating may brdge gaps andcrewces, wh nushiimg works
e paint inio hese areas.

The hand 100l deaning specification requires that ol and
grease, slong with any o fer wsible contaminants, be removed
a5 spesfied in S5PC-5P 1, “Sohent Cleaning” pror o hand
ool cleaning. Onwelded wark, partcular care should be taken
o remove &5 much welding flo, sleg, and fume deposit a3 @
possible since these are notonous in promoting paint s
on welded joints. Allloose matier should be removed from the
surface pnor to paintng. Blowing off with clean, dry, cikres
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compressed i, brshing, or vaowum cleaning are satisfachony
removal methods.

521 Loose Rust, Mill Scale, and Paint: Determinstion
of the degres of deaning required o comply with S5PC-5P 2
5 often wery difficult. The problem is in estblishing whether
& residue k5 “adhe rent” or “loose” The stend and consders the
residue adherent if it cannot be lifed with & dull putty knife, 2
somewhat subjective critenon. Tightly ad herent nust scale is
discussed in Sectond 31,

One posshle soluton is for the confracting paries to
estehlish & standard cleaning procedurs in which te type of
tool, force, speed, eic., are 2l stipulated.

Amnoiher posability is for thecontracting parbes to sgres on
& sample area (sometimes callsd 2 “job stand ard”) thatshowes.
the stendard of cleanliness for & parbcular job. The sample
ares should be representatve of the surace to be cleansd,
&nd may be & separate gpecimen or & designated flat portion
of the actesl surece. After the contracting parties agree on
the deanliness desired, e surface isprotecied and retained
for companson.

Itis emphaszed that this practics establishes 3 stendand
of cleanliness, but not 2 pro duction rate. Aslong as the deaned
suriace is &5 ciean &5 job standard, the achesl production rate
of cleaning is not in queston. The job stndard is of value in
resohving differences of opinion a5 1o whether the suriace has
[been properly deaned.

522 Consensus Reference Photographs: |f mutesly
asoresd wpon or f specfied in the procurement domsments,
BEPC-VIS 3 or ofher consensus reference phoiographs may
be used 0 supplement e deaning crilena of S5PC-5P 2.
Table 4A gies the comelation between the SSPC and the 150
piciorial stendards.

5.3 55PC-5P 3, "POWER TOOL CLEANING": Similar
to hand ool cleaning, power ioolcleaning removes koose nest,
loose mill scale, and koose peint. Intact matenals may remain.
Porwner toots useelectnical and pneumatic eguipment io provide
taster deaning. They incuds sanders, wine brushes or whesls,
chipping hammers, scalers, rotsting flaps (rotopeen), nesdis
guns, hammer assemblies, and nght angle or disk gnndsra.
Some heve high effice noy parboulatesir (HE PA) vacwwm lines.
atteched to reduce air poliuton and collect debris produced in
thecleaningoperaton. Powertools clean by impact, abrasion,
or both. Cleaning of metal suraces is less sxpensive using
powertools thanusing hand tools. Less particulsie contaming-
tion of the emvironment oCcwrs with p ower tools &5 opposed to
sbrasive blzstng. Thus, power tools are used frequenthy fior
5ot cleaning of damaged costings, where contaming bon of
adjacent areas by abrasve 5 unaoceptable, and when 5 5ur-
{aoe-tolerant coating such &5 olHbased paint is o be wsed.

The power tool deaning stendard reguires that ol and
grezse, slong with any vishle sals, be removed &5 specfisd
in S5PC-5P 1, “Solvent Cleaning” prior topower ool cleaning.
On welded wiork, particula rears should be taken to remowve 25
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COMPARISON OF S5PC AND 150 SURFACE PREPARATION STANDARDS

TABLE 4A

FOR POWER- AND HAND-TOOL CLEANED STEEL

Surface Preparation
Standard initial Condition of Steal Reference Photographs
Fust
BEPC 150 Condition Description SSPC-VIS 3! 150 8501-1°
A intzct mill scale ASF 11 -
B partally nested mill scale BSP 11 *
(R T C 100R% rusied, no pits Cs5P11 *
Power Tool D nusted and pitted DSP1 '
ﬁﬁ’l‘hﬂ"“m E paint mosty intac ESP 11, ESP 11/R .
F Anc-rich paint F&F11, FSP 11R *
detenorated owver mill
G Snoriedpan GSP 11
A Intzct mill scalke ' :
B partally nested mill scale BSP 15 *
&P 15 C 1004 rusied, no pits C5P15 *
Commercial D nusted and pitted DSP15 ’
mm E paint mosty intac ESP 15 .
F Anc-rich paint F8F15 :
G deteriorated paint over mill o op (o
acale
A intact mill scals ASP3PWEB ASP 3D '
B partally nusted mill scale  BSP 3PWB, BSP 35D BSt3
[H 100%: rusted, no pits CSPAPWE, CSP3SD C5t3
ﬁ::amd a3 D nusted and pitted D SP3PWE, DSP 35D D&t3
Cleaning E paint sty intact ESP 3PWE, ESP 38D '
F Anc-rich paint F SP3/PWE, F 5P 38D '
g Geenoraledpantover mil  n op ypwB, G 5P 3D
acale
A Intzct mill scale ALP 2
B partally nested mill scale BEP 2 B5t2
C 100Fe nesied, mo pits CSP2 Chz
ﬁ::dTml 510 D nuestied and peited D&F2 D&tz
Cleaning E paint moaty infact ESPF 2 -
F Anc-rich paint F&p2
G deteriorated paint over mill - oo
acale
* = no photagragh

' BSPC-VIS 3 containg pholographs for 5P 11, 5P 15, 3P 3, and SP2.

¥ The United Kingdom Standard BS 7079 Pat Al s equivalent o 150 8501-1 and degicts The degress of deaniness of unpainied sledl. BS
078 Part A2 is ecuivalant 1o 150 8501-2 and depicts $e same degrees of deaniness of praviously painted steal.
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mech wedding flux, slag, and fume depost &5 is possible since
fhese are notonous in promoting paint faiure on welded joints.
All loose matter should be removed from the surizce priar o
painting. Blowing off with clean, dry, cilfree compressed air,
bneshing, or vacuum cleaning are satistaciony methods.
Care is necessary in e use of power fools to prevent
excessve noughening of the suriace, &5 nidoss and burs can
contribute to paint failure because sham edges may not be
profecied by adequate fickness ofpaint Excessve powerwins
bneshing can also be detnmental totheperio manceof the paint
since the surface (parbculary mill scale) is easly bumished o
asmodoth, slick finish 1o which paint will not adhers.

5.3.1 Loose Rust, Mill Scale, and Paint: Determinstan
of the degres of cleaning required io comply with this standard
iz-often very difficult. The problem is in ezt bilishing whether a
resdue is “adherent” or “loose” The stendard considers e
resdue adnerent if it cannot be lited with & dull putty knife,
a somewhat subjective crienia. Tightly adherent nest scale is
discussed in Section 4.3.1.

One possible solution s for the contracting parties o
agres on & standard deaning procedure inwhich the type of
inal, force, speed, etc., are all stipulated.

Another possibiiy ks for thecontracting parties fn agreson
& sample area (sometmes called 3 * job standand”) that shows
the standard of ceanliness for 2 paricular job. The sample
area should be representstive of e surface © be deansd,
and may be a separate spesmen or 3 designated flat porton
of fve actusl surfzce. Afier fhe contracting parties agres on
he cleaniiness desined, the suriz ce is protectad and re &ined
for compan son,

It isemphasized fhat fispractce esiblishes a standand
of deanliness, butnot a productonrate. As longas thecleansad
surface isasclean a5 job stendard, the acteal producton rate
of cleaning i not in question. The job standard is of value in
reaolving differences ofio pinion &5 towhetherornotthe surizce
has been property ceansd.

5.32 Consensus Reference Photographs: i mutualy
agresd upon or if specilied in the procurement documents,
SEPC-VIS 3 may be usad to supplement the cleaning criena
of this stendard. Table 4 gives the comelaton between the
S5PC and the |50 pictonial standsrds.

5.455PC-5P 4, “FLAME CLEANING OF NEWSTEEL":
This standand was discontinued in 1982,

5.5 SEPC-5P S/MACE Mo. 1, “WHITE METAL BLAST
CLEANING ": White Metal Blast Clezningis generally used for
EXD0EINES In very comosve atmospherss and for immersion
service where e highest degree of cleaning is required and
& high surzce preparation cost is wamanted.

Blastcleaning pwhite metelwillresult in highp erormance
of the paint systems due 1o the complete removal of all nust,
mill scale, and foreign matier or visih e coneminants from e
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surzce. Imordinany stmosphenss and general uss, white metal
is seldom wamanted.

The use of this grade of blast cleaning without nust badk
is parbcularly difficult in the emironments where it is maost
nesded a5 a preparation fior painting; for example, in humid
chemical environments. White Metal Blast Cleaning should
be conducted at & time when no contamination or nusting can
ocour, and when prompt paintng s possible. A good nue is
that no mare suraocs should be prepared for painting than can
be costed the same day.

5.5.1 Consensus Reference Photographs: If mutsly
agread upon or if spectied in the procurement documents,
SEPC-VIS 1 may be used 1o supplement the cleaning critena
of tis stEndard. Table 4B gives te come lston between the
SEPC andthe 150 pictonal stnda rds. When using consanaus
reference photographs, it should be recognized hat the color
of hue of fie deaned surface may appear difierent from the
photographs dusto e nature of e siesl, the sbrasives wsed,
the presence of existing coatings, and ofher factors,

5.6 SSPC-5P GMACE Mo. 3, “COMMERCIAL BLAST
CLEANING": Commencizl BlastClesning shoud beemployed
faor all gensral purposes where a high, but not perect, degres
of bla st cleaning is required. fwill remove all nest, 2l mill scales,
and zll other detnimental matter from the suriace, but will per-
mit & gre at deal of staining from nest, mill scale, or previoushy
applied paint to remain, The surzce will not necessanly be
unifigrm in colbor, nor will 2l surfaces be uniformiy clean. The
advantage of Commercial Blast Cleaning liss in the lower
ciost for providing & degree of surface preparation that should
be suitable for he majonity of cases where blast cleaning is
bebeved o be necessary. Howsver, if it is possble that Com-
menz 2l Blast Cleaning willresult in 2 surfzce unsatisfactony for
the service, S5PC-5F 10 (near-white) or S5PC-8P 5 [white
metal) should be speciied.

When & project specificaton incudes mainienanoe paint-
ing, if itis intended thatsome of fhe e s ting coating be permitted
toremain| e.g. becauseitis thin, welladherent, and compatible
with fhe new coating system), the contract documenis should
stpulais the exient of fhe surface 1o be ceansd in accordance
with fhis standard. S5PC-PA1, “Shop, Feld, and Maintenance
Painting of Steel,” and S5PC-PA Guide 4, “Guide 1o Maints-
nance Repainting with Oil Base or Alkyd Painting Systems,”
cover additional mainienance painting procedures.

5.6.1 Consensus Reference Photographs: I mutuslly
agread upon or if spectied in the procurement documents,
SEPC-VIS 1 orother consensus reference phatographs may
be used  supplement the cleaning criena of his standand.
Tahie 44 gves the comsla bon between the S5PC and the |80
piciorial standards. When using consensus reference photo-
graphs, it showkd be recognized that the color or hue of the
cleansd surface may appear different from the photographs
due 1o the nature of the siesl, the abrasives used, the pres-
ence of existing coatings, and other {aciors such as angle of

lighting and profie dspth.
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TAELE 4B

COMPARISON OF S5PC AND ISO SURFACE PREPARATION STANDARDS
FOR BLAST CLEANED STEEL

Surface Preparation

Stand ard Initial Condition of Steel Reference Photographs
Rust
SSPC/NACE 120" Condition Deseription SEPC-VIS1¥ESPC-VIS 5 150 8501-1
ASP S ASPSEN1, A SP SN2,
A intact mill scale Aeraur ASad’
ASP 5-M2A GP EFMF
SP S'NACE No. 1 ] parfaly rusted mil scale B SP& BSal
White Metal Blast 5= 3 1004 ruslad, na pits CSP-5 CSad
Cleaning 1] rusted and pitted D SP-§ DSad
G, 5P 5 G, 5P 5 G, 5P5,
- deteriorated pantoves mill G, 5P 5P, G, SPEH, G, 5P 6L
Faf ] G 5P5D,G.SP5P, GaSP5H,
G, 5P5L Gy SP5D
A intacd mil scaka &SP 10 ASa21R2
B parfaly rusied mil scala B SP-10 B S5a 212
m.n;:fgm“uﬂ Sa2 [ 100% rustad, na pits T E5P-10, CWAB-10* 52102
- ast - - '
Cleaning e o rusted and pifed D SP-10, D WAB-10 ¥ Sa 2 172
G ::;““"d pantovermill o op1g G SP 10,6, 5P 10 .
A intact mil scaks "
SP B/MACE No. 3 B parfaly rustad mil scala B SP-& BEa2
Commenial Blast 5= 2 [H 100% rustad, na pits CSP-6, CWAB-& CBald
Cleaning 1} rusted and pitted D SP-6, D WAB-S DSa2
o :::aﬂ-udpmn'lummll G, 5P 6, G SP 6, G, SP6
A intacd mil scaka . .
SP14/NACE No. 8 B parfaly rusied mil scala . '
Industrial Blast [ 100% rustad, na pi'l! * *
Cleaning D rusted and pifed . '
G ::;‘"‘"d paitover mil o cpi4 G, P 14,G,5P 14
A intact mil seaks *
P TNACE No. 4 B parfaly rustad mil scala B SP-7 BEa1
Brush-Cf Blast S5 1 c 1I'.'I'.'I°.ﬁl|.|:hd.n-:|pi1: CSP-T CHai
Cleaning D rusted and gited DSP-7 DS
& ::;"‘“""F""”"“'“i' G, SP7, G EPT, G SPT .
= na pholagragh

150 standams 5a 3, 5a 212, 5a 2, 5a1, 8 2 and 313 approadimate lhe comesponding S5PC standamds.
BEPC-VI5 1 containg photographs lor 5P &, 5P & 5P 7, 5P 10, and 5P 14.
Alaimate nof-melalc ahrasves: ASP 5-M1, ASP 582, ASP 583
Aemate matalic shasives: ASP M1, A 5P M2, A 5P M3

150 8501-1 phatogmphs (1978 through 1989 grinting) may not adequately ilusirale lhe cosresponding 53 PC surtace preparation

150 photograph ilustraiing B 5a2 shows das areas that could be interpmied as mill scak and, themioms, represents SEPC-SP 14and

doas nol reprasant S5EPC-5P &

150 photographs lustraSing ASa 3, BSa Jand C Sa 3do nol adequataly iusirae e surtace taxiune of typically bls! daaned 5teal.The
Urited Kingdom Standard BS 7079 Pan A1 i equivalent 10150 8501 -1 and depics the degmes of deaniness of unpaniad Sleal. BS 7079

Paft A2 is equivalent 1o 150 8501 -2 and depicts the same degmes of deaniness of previously painted Sleal.

BEPC-VI5 5 photographs of wa! abmsive blas! deaning are indicaled by WAB.
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5.7 SSPC-5P T/MACE Mo. 4, “BRUSH-OFF BLAST
CLEAMNING": Brush-off blast cleaning should be employed
when the environment is mild encawgh to permit tight mill scale,
fight paint (if the surizce was previously paintsd), and tight
st to remain on the surface. The surace resulting from this
method of surace preparation should be free of all loose mll
scale, loose paint, and loose nest. The small amownt of nest
rema ining 5 hould beanintegral part of the surface. The surface
should be sufficiently abraded to provide & good anchor for
paint. The low cost of this method may result in economical
profection in mild e maronments.

Itis mot intended that brush-off blastcleaning be usedfor
very severs surmoundings. Brush-off blzst cleaning is gener-
ally intended to suppla nt power ool cleaning where faciities
are svailzble for blast deaning. With tis method of surface
preparation, &5 with any other, it is understood that the rate
of cleaning waill vary from one part of the structure 1o another
depending wpon the initial condition of the surface. Because of
fhe high rate of cleaning, the cost is low relative 1o the higher
grades of blzxst ceaning. Paints which are used should hawe
& fair degree of wettng because of e matenial that is allowed
0 remain on the surface.

When a project specfication inchedes maintenance paint-
ing, ifbrush-off blast cleaning of the entire surface| s specfisd,
fhe existing coating should becompati lewith the new coating
gystem and should be of adequate integrity 1o withstand the
impact of the sbrashe. if 2 substantial amount of the coating
will be remaved by this method, then a higher level of cleaning
shouldbe specfied, e.g. 38PC-5P 14 (industrial) or SSPC-5P
& (commernzial). S5PC-PA 1, “Shop, Feld, and Maintenance
Painting of Steel,” and S58PC-PA Guids 4, “Guide i Mainis-
nance Repainting with Oil Base or Alkyd Painting Systems,”
cover additional maintenance paintng procedures.

5.7.1 Consensus Reference Photographs: f mutwesily
agreed wpon or if specified in the procurement documents,
ESPC-VIS 1 or other consensus reference photographs may
be used to supplement the deaning criteria of this stendarnd.
Table 4 Agives the comelation between the S5PC and the 180

pictonial standands.

5.8 SSPC-5P 8, “PICKLING": Picking is considersd &
desirablemethod ofremoving rust andmill scale from structural
shapes, beams, and plates when the cost of such removal is
felt 1o be pustified. Properly sccomplished, pickling produces
asurface that will promote long paint ife with most coatings,
but pickling is most commonly associsied with hot dipped
gahanizing .

Where production is sufficiently high 1o keep the equip-
ment in wse, pickding results inlow costshop preparation. it is
impra chical for fisld use.

Facilities are extramely limited for pickling of large f2b-
ricated members or lange strechural beams. Howswer, fhere
are & number of facilties for lange stesl plates and structural
members that are not exces dingly long . Smalkscale pickding
fzcilties are widely availzble.
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Hydrochlonc sc ddissolves scale fasterthan does sulfunc
acid, but hydrochionc 2ed is seldom heated for gresier action
because of the grester amounts of toxic hydrogen chionds
fumes emitted. Any acid used should contain an appropriate
inhibitor to control the chemical action. Consid erable use is
made of the duplex type of pickiing whe re sulfunc aced sused
toremove the nustand scale, and phosphonc scid isused for 2
final phosp hate trestment. Specisl precauton s induding fresh
WISl NNSing are necessany 1o remove residues of unre acted
sulfuric or hydrochionc acid.

Dessgn of fzbricated sieel mayrequire special consideraton
toeliminate pockets or crevices which trap scsd during pickding.
This may be avoided by pidkling in phogphonc acid. Pidkded
siesl, Ike blzst cleansd sisel, should be painted a5 s00n 25
posashle after cleaning. Amore detailed discusson of pidding
is available in Volume 1 of the S5PC Painting Manual.

5.9 S5PC-5P 9, “WEATHERING FOLLOWED BY
BLAST CLEAMING": This standard was discontnued in
1971. Weathern ng prior to blzst cleaning has been found to be
& wvery harmful practice, especially in comasive environments,
since deletenous surface impurites are much more difficultto
remove after weathenng away of mill scals.

5.10 S5PC-5P 10WNACE No. 2, “NEAR-WHITE BLAST
CLEAMING" : Im many exposures invohang & combinaton of
Tigh hismidity, chemical atmosphere, marine, or other como-
5hve environment, the use of SSPC-EP 5 “White Metal Blast
Cleaning” was found to be overly expensive dus o the dispro-
partionately lange amount of work required 1o remove the last
vestiges of stresks s ndshadows. Thers are many applicatons
in wihich these traces can be tolersted without sppreciahls
loss in coatng Iife. Therefore, the nesd for 2 grade of blast
cleaning beyond that of SSPC-SP & but less than SS5PC-5P
5 was demonstrated. The near-white blast cleaning standard
wias developed 1o fill this need.

Near-white b last cleaningcan be employed for allgeneral
purposeswhens s highdegres of surface cleanliness is requirsd.
It wall remove &l rust, mill scale, and other detnments | matter
from fhe surfacebut sresks and s t2ins ane permitied fore main,
Thesurface willnot nece ssanily be completehy uniform in color,
oo will 2l surfaces be wuniormby clean. However, if is explicitin
this standard that shadows, streaks, or discolor atons, if any
be slight and be distibwied undormly over the surface—nat
concenrated inspots or Sress.

The advantzge of near-white blzst deaning lies in the
lower cost for surisce preparaton that is satsiactory for all
bt the most severs serwce conditions. Depending upon the
initizl conditon of the new or previously painted steel, it has
been vanously estmated that near-white blast deaning can
bbe camed out ata costof 10 10 354 less than thatof S5PC-SP &
These numbers ars estmates onby znd will not hodd tres in il
CA5ES.

Theverhaldesonptioncaliing for at least®5% of the surace
being equivalentto S5PC-5P 5 is ba sed upon & lange numbsr
of visual observations and a imied mumber of light reflectivity
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messurements. it is hoped that the amownt of surface | mownty
can be quan tfied by specific measureament tech nigue, but s
forts to date have besn unsuccessful except on a laboratory
hasis. It is beleved, however, that a visusl estmate of the
amount of resduals can be agresd wpon between owner and
contracior.

When & project specfication induedes maintenance
painting, if it is intendad that some of fe existing costing be
pemitted to remain (2.0., because it is thin, well adharent,
and compatible with e new coating sysiem), the coniract
documents should stipulste e extent of fie surface to be
cieaned in accondanos with this standard. SSPC-PA 1, “Shop,
Field, and Mantenance Painting of Stesl” and S5PC-PA Guds
4, “Guide o Maintenance Repainting with il Base or Akyd
Painting Systems.” cower addiionsl mainEenance paintng
proE dures.

5.10.1 Consensus Reference Photographs: mutually
agreed upon or if specified in the procurement documents,
BEPC-VIS 1 or other consensus reference photographs may
e wsed to supplement the deaning crtena of this stendsrd.
Tabile 4 B ghves the comelation betwe en the S5PC and the IS0
pictonal stndards. When using consensus reference phoio-
graphs, it should be recognized that e color or hue of the
ceaned suriece may appear different from the photographs
dueto the natureof the stesl, theabr, umed, e p ]
of existing coatings, and other factors.

S M SSPC-SP11,"POWERTOOL CLEANING TOBARE
METAL": Power ool cleaning o remove tighthy adherent ma-
tensl produces a surface that is wsbly fres from all rest, mill
scale, and old coatngs, and that has & suriace profile of &t
least 25um (1 mil). S5PC-5P 11 is the highest level of power
ool deaning. It produces a greater degres of cleaning fan
SEPC-5P 3(which does notremaove tightly adhenen t maisnal)
and SSPC-5P 15, “*Commercial Grade Power Tool Cleaning®
which zliows substantial steining. S5PC-5F 11 may be con-
medered for coatings requinng a bare metsl subsirate.

The surizces prepared acconding to this standard ars
not i be compansd to suraces cleansd by abrasive blasting.
Alinowgh this method produces suriaces that resemb e nesr-
wihite or commercial blast, they are not necessarily eguivalent
o those suraces produced by sbras veblzst deaning a5 called
for in S5PC-5P 10 (near-white) or SP & (commercial) due o
charactenstics of the profie.

The 5 SPC-5P 11 sendard ghes. the specier anopponu-
nity 1o select a method of cleaning suitable for cera incoatings
in aress where wet or dry sbrasive blasting or watenetting s
prohibited or not feasible. Examples of other circumstances
Mmraﬂuatuﬂardma}rhamﬂedmmhhm

towch-up of welded or damaged areas of erecton
asgembles

reducing volume of hazsmdous waste produced by
abrasve blasting

cleaning around senstive equipment or machinery

5111 Power Tools and Cleaning Media: A power ool
cleaning gystem consists of & sursce cleaning medium for
abrading the surace and & powered tool for dmang that me-
dium. The stendard distnguishes betwesn media fhat clean
the surface and thoss that produce & profile. Similarly, power
tools are classifie d a5 surface deaning type or profile prodwe-
ing type.

Surace cleaning power Dols are those that dhive two
main classe s of sursce deaning media: 1) non-woven abre-
sive whesls and discs; 2) coated sbrashe discs, flap whesls,
bands, or other costed abrasve dewoes.

P rofile-produecing power tools are described &5 fhose on
wihich notarny impact or pesning medi aare mounted, and foss
on wihich steel nesdles (neadle guns) are mounted, alifowgh
other nols and media that can produce the appropriate profile
are soceptable. In instences whens & profile already sxists,
such &5 on previousty peinied surlaces, anly surface clean-
ing power tools and media may be required , if he appropnate
degreeofcleanliness is created without reducing the profils to
less than 25 micrometers (1 mil). Whens anexisting profile =
reduced o kess than 25 micrometers (1 mil) in e process of
cleaning, surace profiling power tools are required to restons
the appropriate profis.

‘Where there is no existing profile, then both dean liness
&nd profile must be produced a5 speciied. This may reguirs
using both kinds of tools and media, alowgh in some cases
a surface profiling olmedum may sdequately dean the
surizce without requiring & separaie clesning operaton with
suriace deaning iools/media. i should be noted hiat misuss
of power ipolson metals can prodece & bumished rather than
& teatured surface that compromises ooatng sdhesion.

Cleaning of metal surzces is ususlly faser and less
expensie usng sbresve blasting than using powser tools,
without considering the cost of mobilzaton and containment
for the control of dust and debnis. Howewver, power tools ars
used frequently for spot cleaning of damaged coatings whers
contamination of adiscent areas by abrasive is unacospishie.
Less particul ate oon teminationof the ema ronmen t occurs than
from abrasive blasting.

51012 Power Tools With Vacuum Shrouds: Special
power tools may also heve high-efficiency parbiculate air
(HEPA) vacuum lines stteched 1o reduce sir pollution and to
containthedebris generaied at fhe point-sow e during coating
removal. The vacwum shrowd surrounds anty the tool el
providing & localzed contzinmentofthe debris at the point of
genaration.

The method of opsration of vacwem shrosded tools s
similar to that of non-vacwum shrouded tools. This is difficult
wihen cleaning imegul ar surlaces. As & result, special cusiom
shrowds can be fitted onto the ends of the tools. Some tools
however, are notamenable o shrouds, and therefore the col-
lecton of debris is not a5 efficient A surfsce can be deaned
to comply with S5PC-5P 3, S5PC-5P 15 “Industial Grade
Power Tool Cleaning,” or S85PC-5P 11, wsing fese vaomm
shrowded 1Dols.
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5.11.3 Consens us Reference Photographs: Emutusiy
agreed wpon or f specified in the procurement documents,
SSPC-VIS 3 orother consensus relerence photographs may
be used 1o supplement the deaning critena of this stEndand.
Tehie 4A lists the SSPC-VIS 3 consensus reference phoio-
graphs that comespond to vanous inftial surface conditions.
SSPC-VIS 1 and 130 8501-1 are not suible jor assessing
surfaces cleansed 1o bare metal by power tools.

5.12 S5PC-5P 12/MACE Mo. 5, “SURFACE PREPARA-
TON AND CLEANING OF METALS BY WATERJETTING
PRIOR TO COATING": As is the case with dry sbrasve blast
deaning, high pressure watensting (HP W) and witra-high
pressune wateneting (UHP W) can be used to prepars sur-
fmces to vanous degres s of cleanliness. Watensting is used
when ahrasive blasting is notpossible or not desined, or when
it is necessany to remove a high percentaoe of soluble salt
contamingt on. Wateneting doses not produce 2 profile. How-
ever, it & profile exssts under old paint that i being removed,
he onginal profile can be restored by watensting. S85PC-TR
2MACESG 198, "WetAbrasive Blast Cleaning,” discusses wet
methods using abrasive.

Water deaning uses pressures less than 70 MPa( 10,000
p=) and high-pressure watensting (HP W) uses pressures
above this value. Ukrahigh-pressure wateneting (LHP W.J)
uses pressures sbove 210 MPa (30,000 psi).

5.12.1 Surface Cleanliness: S5PC-5F 12 defines four
degrees of VISUAL cleanliness which can be summanzed a5
foliows:

* WH Cleantothebare subsiraie; the mostthonoegh

level

« W2 ery fhoroughorsubsientsl cleaning; randomby

dispersed visble stains of previously exsing
rust, tightly adherent fhin coatings, and tohtly
adherent foreign matier is allowed on only 5
percent of the surlzoe

* WLt3 Thorough cleaning; randomily dispersed vis-

ible steins of previously existing nust, dohtlhy
adherant thin coatings,, and tightly adhensnt
foreign matter is zliowed on only 33 percent
of the surface

+ W4 Light cleaning; all loose matenisl = removed.

These four conditions of waisrsting we re onginzlly meant
1o parzliel the four degress of sbrashe blastcleaning [ S5PC-
5P 5, B5PC-5P 10, S5PC-5P & and S5PC-5P 7). However,
SEPC-5P 12 has evolved to the point where WJ-2 and WS
allowr thim paint to remain, whil e the dry sbrasive bla st cleaning
gtandards S5PC-5P 10 and 5P &continue 1o allow only stains
of paint.

(One of the advantzges of watenetting is the removal of
solub lecontaminants. iInanappends, S5PC-5P 1 2describes
fres levels of nonwsusl surfece deanliness based on e
amount of water-soluble chlondes, iron-soluble sals, and
aulfates:

« WV-1 Mo salts detected

+ NV-2 Lessthan ¥ poicm®chionds ion contaminants,
10 po'em2 femous ion, and 17 pgicm?® suliate
ion

« WV-3 Less than 50 poiem® chionde and sulfate
OOt AIMIna nis.

IMethods jor measunng the amountof 52kt on the surlzce
are descrbed in S5PC-TU 4, *Field Methods for Retrieval and
Anatysizof Soluble Salts on Subsirates” (fobereisseed in 2005
255 5PC-G wide 15). The choiceof wsusal and nomviswesl clean-
liness is determined by the exsting cond iton of the suriace,
the coating to be applied, and fie exposure emanon ment.

5.12.2 Flash Rusting: With any wet method of sursce
preparsbon, e deaned surface will eventually exhibi & nest
bloom or flash nest &5 the surlace dies. Non-uniform resting
with zress of heavy rust ususlly indicaies the presence of
soluble salts on the surizce. A wndorm nest bloom may be an
accepiahle surlace to paint \sible flash nusting can be light,
medism, or heavy. Thecoating manuf achurermust be consulted
o determing the extent of nest bloom that their coating can
tolerate for e given exposure. Inhibitors can be added 1o the
waier o prevent flash nesting, but the coating manulz ciurer
must be consulted toverty compatibiity with e levelof inhibi-
far used.

5.12.3 Cons ensus Reference Photographs: Ifmutesly
agresd wpon or if specfied in the procurement documents,
SEPC-WIS 4 or other consensus reference phoiograp hs may
be used in supplemant the cleaning criena of fis standand.
SEPC-VIS 4 contains phoiographs showing sieel of onginal
nest condition C deaned o WU-2 and W.J-3, each with light,
medm, or heavy flash nesting. A para liel st of photographs
is given for onginal nestcondition D. In additon, there ane four
different painted surzces each deaned o e four degress of
waterjetting, W fough WIH. When wsing the consensus
reference photographs, it should be recognized that the color
or hue of fie deaned surface may appear different from the
photographs due o e nature of the stesl, fw presence of
existing coatings, and ofer factors.

5.13 55PC-5P 13/NACE NO. 6, “SURFACE PREPARA-
TION OF CONCRETE": This stendand ghes requirements for
suriace preparation of concrete by mechanical, chemical, or
thermal methods pror to the appl ication of bonded protectve
cogating or lining sysiems. The requirements of this standard
are applicable 1o all types of cemenittious surfaces including
cast-in-placeconceisfioors and walls, precast slab s, masonny
walls, and shotorete surfaces.

An acceptable prepared concrete suriace should be free
of contaminants, laitence, loosely adhenng concrete, anddust,
and should provide 5 sound, uniform substraie suitsble for
the applicaton of projectve costing or lining systEems. When
required, & minimum concrete surisce siengt, maximuem
moisture content, ndsurace profile rangeshould be specfied
in the procurement documenits.
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ESPC-5P 13/ NACE No. 6 containg sectons on defini-
tions, ingpection procedurss befors surface preparation, the
methods of surace preparabon, inspection, and scceptance
oritena for light senvice and for severe senice.

5.14 S5PC-5PF 14MACE No. 8, “INDUSTRIAL BLAST
CLEANING™: Industrial blast deaning is used when te ob-
jective is 1o remove most of the coating, mill scale, and nust,
but the extra effort required o remove every trace of these
matenials is determined to be unwamanied. Industial blast
dleaning prowde 5.8 greaterdegres of cleaning fian SSPC-SP
T burt less than S5PC-5P6.

The difference betwesn an indusinsl blast and a brush-
off blast is that fhe objectve of 2 bnesh-off blast is to allow a5
much of an existing coating to remain &5 posshie, whils the
objectveot theindustnal bl ast is toremove most of thecoating.
Thie industrial blast sllows define d mill scale, costing, and nust
o remain on less fan ten percent of e surlace and allows
defined staing 1 remain on 8l suraces. A commercizl blast
provides & higher level of cleaning, and the surlace is free of
mill scale, rust, and coatings, aliowing only random sisining
1o remain on no more than 3 percent of each 2 in® (80 cm®)
increment of fhe suriace.

5.14.1 Consensus Reference Photographs: fmutusly
agresd upon or if specified in fve procurement documents, VIS
1 or ofer consensus reference phoioraphs may be used
o supplement fhe cleaning critena of this standard. Table 44
gives the comelation betwesn the S5PC and fe 1S O picionial
standards. When using the phoingrap hic standards, it should
[ recogn ized that the color or hwes of the ceaned surface may
appear differan t from the photographs dus to fhe natre of the
stesl, the sbrasives used, the presence of existing co ztngs,
and ofher fachors.

5.15 SSPC-5P 15, “Commercial Grade Power Tool
Cleaning": Asurzce clesned with power tools to commenza|
grade is visioly free from il nest, mill scale, and old coztngs;
&nd it has & surface profile of atlesst 25 pm (1 mil). S5PC-SP
15 prowdes & higher level of cleanliness than SSPC-5P 3,
“Power Tool Cleaning” in that all paint, nest, and mill scale ane
removed. S5PC-5P 15 provides a lesser level than SSPC-SP
11, “Power Tool Cleaning to Bare Metal® becausse staining is
permitied on 33 percentof the surace. Both 55 PC-5P 15 and
EEPC-5P 11 require 2 minimum 25 pm (1 mil) profile.

Thesur acesprepared acconding to thisstand ard arenot o
e compared to surfaces cleaned by sbrasve blasting. Aliough
this method produces suraces that resemble commercial
blzst cleanad surfaces, fhey are not necessarnily equivalent o
those surfaces produced by abrasve blast deaning 1o 8P 6.
After power ool deaning to SP 15, slight residess of nust and
paint may remain in the bottoms of pits f the original surface
i5 pitied. Commercizl blast deaning (S F &) allows only siein-
ing of the surface, and does not permit resdus o remain in
pit botioms.

ESPC-5P 15helps tobnidge the gapbetwesn themarnginal
suriace preparaton described in SP 3, “Power Tool Cleaning®
andthe more thorowgh dean ngdescrbedinSP 11, “Power Tool
Cleaning to Bare Metal® 1t gives the specifier an opporfunity
o select & method of ceaning swiable for certin coatings
in areas where the added expense of going 1o 5P 11 is not
jstfied by an anticpated increase in cogtng lde. Examples
of circumstances where this stend ard may be applied are as
fiodiowis:

+  tpuch-up of welded or damaged areas of erection
assembles
reducing volume of hazardous waste produced by
shrasive blasting
dleaning around sensitive equipment or ma chinsny
deaning where sbrasive blasting is not permitted.

5.15.1 Consensus Reference Photographs: [f mutueslly
agread wpon or if specfied in the procurement documents,
SEPC-VIS 3 orother consensus reference phoiographs may
be used 1 supplement the cleaning crsna of tis standard.
Table 4Alists the SSPC-VIS 3 photographs that comespond to
vanious initisl surisceconditions. S5PC-VIS 1 and 18085011
are not suitable for assessing swrfaces ceansd o commerncizl
grade by power ipols.

6. Selection of Abrasives, Blast Cleaning
Parameters, and Equipment

The selection of the size and type of sbrasve which
will most effecthely and economically produce the desired
surizce fimish is not an exact scence because of the many
vanables involved. These vanables include the following at a
minimusm:

Thenatureofthe steslbeng deansd i.e., the handness.
and the degreeof resting which may have developed
pnior 1o blast deaning.

The basic purposs for blast ceaning, which may
include either mew construction or mainienance and
TEpair programs.

The type of suiace finish desired, ie., degres of
deanliness and hedghtof profile required to mest the
gpecication orreguire ment of the pain thobe applied.
Ses SEPC report, “Surface Profile for Ant-C amosion
Paints,” (SSPC T4-01).

The type of blast deaning systems which may be
employed, &.g., cenmifugsl whesl or air blastrecrcu-
lating shrasie systems, or open nozzle airblasting
with expendable sbrasives.

In general, select the smallest sze abrasve that will pro-
duce the desired ceaning results. Ususlly, this will give the
fastest, most economical cdeaning operaton.

Non-traditional bla st cleaning media may be expendabls
or recydable. Such maenalsincude sponge, dry ice, sodium
bicarbonzate andice crystals. Allrequirespecizized squipment
and may or may not create a suriace profile.
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General information conceming fhe chemical and physical
properties of cast stesl shotand gnt, and the physical proper-
tes of vanous non-metallic abrasves along with informaton
on their usage, are presenied in the foliowing sections.

6.1 ABRASIVE CHARACTERISTICS: Selecting the

SSPC-SP COM
Mowvember 1, 2004

appearance of the blast deaned surace, productivity, and
subsequent clean-up. Abrasives varny in hardnesses, particls
size distribution, shape, bulk dengity, frisbility, waste genera-
thon, and recyclshiity The following is a discussion of fess
charactenistics and how ey influsnce abrasive performance.
Some physical dats on non-metellic shrasives ans given in

appropriate type of sbrashe for fe job is important becauss Table 5.

e type of abrasive can have a significant infleence on the

TABLE 5
PHYSICAL DATA ON NON-METALLIC ABRASIVES

Bulk Density Frea
Hardness Specific Silica Degree of
[Mohs) ShaPe  Gravity mfiF  kgm’ CO19 (wt%) Dusting  Reuse
Naturally Occurring Abrasives
Sllica Sand 5 Rounded 2t 3 100 1600 White S0+ High Poar
:::?HHMI 5T Rounded Sto 4 125 2000 Varahbls <5 Mesdiam Good
Flint 6507 Angular 2103 80 1300 Lt Gray 90+ Medum Good
Garnet To&  Angular 4 145 2300 Pink il Medium Giood
Zircon [ Cublc 4.5 185 000 Whhite il Low Giond
Kieserite 3.5 Angular 2.8 90 1400 White Ml Mesdim Poar
Novaculite L) Angular 2.5 100 1600 White S0 Low Giond
By-Product Abrasives
Boiler Slag 7 Angular 28 85 1400 Black NI High Poar
Copper Siag : Angular 33 10 1800 Black kil Low Good
Hickel Slag ] Angular 27 85 1400  Green bl High Foor
Walnut Shells 3 Cubic 13 45 T30 Brown Ml Liow Poor
Peach Shells 3 Cubic 13 a5 730 Brown il Liow Poor
Corn Cobs 4.3 Cublc 1.3 30 480 Tan il Low Giond
Manufactured Abrasives
g::uge ) Angular 3.2 103 1700 Bl il Low Giond
3:11'1““ & Blocky 4.0 120 1900 Browan il Low Giond
Glags Beads 2.5 Epherical 2.3 100 1600 Clear &r Low Gond
Crushed Glass &8  Iregular 25 B30 91 10001500  Gray &7 Liowi Poor
o 25  Powder 22 80 %60  Whte N None Poor
Sponge .06 Granular 028145 S5to25 806 400 Varous Hil Low Good
Plastic Beads 35 Blocky &5 &80 Varioas Ml Liow Fair
Dry ke Ml Cyflinder 624 S0 800 Whhite il Low Poor
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6.1.1 Hardness: Metallc sbraswe hardness is me asunsd
on the Rockwell C scale while non-metallic sbrasive hand-
ness is messured on the Mohs scale. Hardness is important
because the harder an sbrasive, e desper the profile it is
likely 0 generate.

612 Sipe: Specficatons may include abrasve seve
sze designation, because partice size plays 2 major roks in
productvity and in the subsequent profile generated. The role
of sbrasive size will be discussed in mone detad under e
section dealing with prod uctity.

6.1.3 Shape: Abrasive paricles rangs from sphencal io
sharply angular. Sphencalio rounded particlesclean by impact,
producing & peened surface. Angular o imeguiarly shaped
parbcies dean by scouring or cutiing the surace, producing
an e iched surface .

£.1.4 Bulk Density: The bulk denaty of ansbrasve s a
mezsurs of an shrasie 5 weight perunitvolume and isuseslly
expressed in kilograms per cubic meter or pounds per cubic
foiot. For example, fhe bulk density of sand isapprosimate iy 160
i (100 I/itY) whereas for steelgnt shrashes, it is typically
400 kmimt? (250 Ib/#7). Bulk density is important when lifting
shrasive filled bulk contziners. Using the bulk density values
for sand and steel shown shove, 8 2.8 mf (100 1) contziner
filled with sand weighs 4500 kg (5 tons), whersas the same
container filledwithsted gt weighs 11,000kg (125 1ons).

£.1.5 Frizbllity/Waste Generation: Abrasve rsbilty s a
messure of &n abr asve's resstance to breskdown on impact.
The more frishle an sbrashe, the greater the iendency for the
ahrashe 10 breskdown on impact, thersby oensrating more
waste and dust

&.1.6Recyclability: Recydshilty is 2 property of 2n shra-
ghe thataliows it to be reused many times without excessive

breakdown. In ordertomeet the stnict cleanliness requirsments:
fiair recyding, the sbrashe mu st also be able o witistand the
rigorows cleaning process for removal of conteminants from
the abrasve mix. Most mineral and byproduct abrasves can
be recycled 1 103 tmes, but they have difficulty mestng the
sirictcleaniinessraguirsments forrecycling. Metalic abrasves,
om theother hand, show the lowest fnabilty, generate the least
amount of waste, can be recycled many times, and mest the
sinict cleanliness requirements forrecycling. Ususlly, hegreater
the hardnessofa meta i shrasve, the mors quickly it bresks.
down and the fewer tmes it can be recyced.

6.2 FACTORS AFFECTING SURFACE PROFILE: Sur-
faoe profile is & measure of surece roughness resulfing from
ahrasive blast cdeaning. The heightof the profile produced on
the surface is messwred from thebotioms of fielowest valleys
to the tops of fhe highest peaks.

The thickness and genenc type of paint o be appled
determines the allowsble minmum and maxamum profile
height Thezbra svesizeis thenchosen fo achieve fhat profile.
SEPC-AB 1, “"Mineral and Slag Abrasves,” defines five alvasve
grades yeldng pralile heights from 13 1o 150 micometers (0.5
0 6.0 mik).

6.2.1 PROFLE HEIGHT: 5P C studies have shown fhat
metallic sbrasves langer than those which will pass firough
& 16 mesh sieve [ASTM E 1) may produce a profie whichis
o0 desp i be adequately cove redwitha single cost of primer.
Accordingly, itk recommended thatthe use of langer shrashes
beavoidedwhensverpossible. Howsver, when heaw millscals
or nust are present, sbra sves of a larger size may be nesded,
In these cases two coats of primer may be nesded instead
aof the usual one coat. Alternatiely, if the nozzle pressune is

TABLE B
APPROXIMATE PROFILE HEIGHT OF BLASTED STEEL
USING DIFFERENT SIZE ABRASIVES®

Profile Height

25 pm 3Tpm 50 pm 63 pm 75100 pm
ABRASIVE 1 mil 1.5 mil 2 mil 2.5 mil 34 mil
Silica Sand 3060 mesh 16/35 mesh 16/35 mesh 8/35 mesh 8120 mesh
Siee| Gt GBD G50 G0 G0 G235
Sieel Shot 5110 5170 5280 5280 8330
Gamet &0 mesh 3 mesh 3mesh {6 mesh 16 mesh
Alsminum
Onide 100 grit E0 gnit 36 gnt 24 gnit 16 gnit

* Thass profit heights are typical il the nazde prassre is betwaen 820 and 700 kPa (30 and 100 ps).
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ineased, 2 smaller size abrasve may remove heavy paint
of scale maore etiectively han a lamer abrasve at fe lower
pressurs. Higher nozzle pressures may stll produce langer
profiles.

Table &gres the range ofmxamum and sverzge maximum
profile heights to be expacted under normal good operating
conditons (whesel and nozzie). At nozzle pressures in excess
of 760 kPa (110 psi), the profile may be sgnificanty higher.

Profile comparators are available o aid in estimating e
average maamum profile of surfaces blasted with sand, sissl
orit, andsteel shot. Surace profilecan alsobe messuned by use
of replica tape. Methods for measuning profile are descrbedin
ASTM D 4417, "Test Method for FieldMeasurement of Surface
Profile of Blast Cleaned Siesl” and in NACE RPO2ET, “Feld
Measurement of Surlace Profile of Abrasive BlastCleaned Sies|
Surizces Using a Replica Tape." A report, “ Surizce Profile for
Ant-Comosion Paints,” (35FC 74-01), is available from S8PC
deacnibing methods of measuning profile and relating profile o
bilast cleaning conditions and i coating performance.

When fhe abrasive media impacts the surface it creates
surface profile. i is fis profile (or “anchorpatiem”) that isneces-
sary fior most coating systemsto adhere o he substate. The
dap‘ﬂmfmapmﬂaumdadbﬂuafohwmparmm

+  Abrasve Sze: The larger fe sbrasive, the langer e
profie.

+  Abrasve Type: Angular sbrasnes create & desper
profile fhan round sbrasves of the same size.

+ Hardness: The harder the shrasive the desper e
profie.

+ Blast Nozzle Air Pressure: The higher the nozzie
pressure fhe desper e profile.

+ Type of Blast Nozzds: A venturi nozzle penerates a
deeper profile fian a2 straight bore nozzde wih e
5ame dia meter opening.

+ Distance of Blast Nozzle 1o Surlsce: The closer o
the work the desper profile.

+  Angle of Blast Nozle 1o Surface: The greater e
angle from the perpendicular o surlacs, the less he
profie.

Altering any of these parameters dunng e blasting op-
eraton could affect profile and surface cleanliness. To avoid
undesirabls change sin profil2 nd surface deanliness, blasting
nials are recommended beforechanging any ofthe parameters
noted shove.

A small sbrasve can produce |anger profiles if e impact
velocity is increased by either increasing e whesl speed or
Increasing nozae pressune. f & small sbrasive is used, hers
will be maore impacts per pound of sbrasve than if & langer
abrasie is used. The abrashe mustbe lange encughtoremone
fhe rust and mill scale present. The nule of fumb is to use fhe
smaliest sbrasive that will do e job.

£.22PROFILETEX TURE(ROUGHNESS): A 2 milprofile
produced by & round abrasive (sl shot) will heve 3 differsnt
texture than & 2 mil profile produced by an angular sbrashe
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(steel gnit), Similarly, 2 suriaceblzsted with 2 small sbrasie at
a high pressure may have the same profile height 23 2 suracs
blestedwitha largeabrasve ata lower pressurs, butthe small
abrasive will produce more peaks. Coating systems may have
measurably diferent performance charactenstics over fhese
o types of surface. Forexampie, fhe anguler profils produced
by gnt is required for metliming (see SSPC-CE 23.00AWS
C223MACE No. 12).

Shot produces a surlace composed of rounded craters.
Ginit produces amors imegular surizcs with many smaller peaks
between adacent lange peaks. itisonly the tllest peaks and
lowest valleys that determine e profile height. Nonmetallic
ahrasives create profiles with the masmum amount of rough-
MESs.

The surfzce roughness can be messured quanitatiely
with & stylus instrument (e.g., & profilome ter). Thisis a dewcs
that drags a needle across shout aninch (25 cm) of the sur-
face and electonically computes the distance between the
highest peek and the lowest valley, the number of peaks, and
the average pesk height Laser versions are also availsble.

The rougher the profile (the maore peakhalleys) the mare
metelipaint interface is available for bonding. However, i the
valieys are oo desp and narrow, the coating may not be able
fopenetrate io thebottom of thevalleys, hereby leaving a void
atthebottom of thepits. Roughsurfaces can beadvantageous
it the coating is able o completely wet the surface.

6.3 PARAMETERS THAT AFFECT PRODUCTIVITY:
Factors such a5 intial sieel condion, specified degree of
cleaning, and accesshility are job specific. Eleven controlk-
|zble parameters that affect the productiaty of sbrasve blast
cleaning are described below.

6.3.1 Particle Size: Decreasing sbrasve paride szs
can dramatcally incresse cleaning rate. Inceasng sbrasve
particle sze maybe necessany to remove heavy costings and
soale. The general nule s o use he smallest size sbrasve
that will do the job.

6.3.2 Hardnesgs: Generally, te harder the 2brasve, the
betier dwill perform. However, very hard abrasves shatter an
impact expending most of their enengy in partics breakdown
and dust generaton. Aswith selecting abrasive sze, hie gen-
eral nule i3 to select e minimuem abrasive handness that will

etfectvely do the job.

£.3.3 Shape: Roundad partcles are most effectne in
remaonving brite coatings such as mill scale, whereas angular
or imegular shaped parides are more effective in removing
gofter costings such &s rust and paint.

&.3.45pecific Gravity: The higherthe speciic gravity, the
more ensngy & given size abrasve partids will impart 1o the
surizce on impact, hereby increasing productivity. Generally
2 higher specific gravity implies 2 higher bulk densty.
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6.3.5 Nozze Pressure: The igher the noezle pressurs
fhe more productve e blast operaton. For examples, for
aach T kPa (1 pal) incesse there 5 2 1.5 percent increass in

productvity. Most equipment jor dry sbrasve blastng has a
practical upper imit of 1000 kPa (150 pai).

6.36 Nozzle Type: It is imporant o choose the nght
mozzle for the job. For example, straight bore nozzies gve &
tight blast patiem that s best swied for blest cleaning small
areas suchas handrails, spot blestng, weld seams, eic. Vet
bore nozzies oreate & wide blast pattern and are best swisd
for large area blast cleaning. Vientun bore nozzles incresse
mozzle velod ty by &5 much &5 1005 and theretore are 35%
more efficient compared to siraight bore nozzles of the same
dizmeter.

6.3.7 Nozzle to Surface Distance: For optmum cean-
ing rate the nozze o surface distance is around 46 cm (18
in). Howewer, this distence can vary depending on the type
of suriace contaminaton being removed, nozzle pressures,
shrashe type, and nozze type.

6.3.8 Impact Ang le: An & 0020 degres angleis bestsuned
for removing mill scale or hesvy nust and for deaning pitied
areas; 2 45 1060 degres angle is best for pe eling heavy lzyers
of paint or nest;, 260 to 70 degree angle i5 recommendad for
general cleaning. Operator technigus in controllingthe mobon
of the nozzle determines the impact angle at any instant.

6.3.9 Abrasive Metering: Each abrasve type has a di-
ferent optimum flow rate throwgh the meterning valve. Belore
starting any blast cleaning job, it is important to conduct &
t=at blast with fie metenng valve set at kean, modsrate, and
figh abrasve flow rates to find the optimem flow for e ghen
shrasne.

6.3.10 Abrasive Cleanliness: Aclean, dry, dustfresshra-
wve is essental for optmum produ cinty. Check fie abrashe
et restaring & job and regulary ferea fierfor foregn matier,
moisture, and dust

6.3.11 Embedment: Some abrasive products, p arbcularhy
non-metslics, tend o embed in the blast cleansd surzce.
Conduct & test blast with the sbrasive and svalusie e blast
cleaned surzce 10 be swre the amount of embedment doss
miot exoesd the job spesficaton requirements.

6.4 ABRASIE TYPES: Abrasies, the matenzl in e
bissting operaton thhat doss the work, can be dvded inio
two major categones: metalic, generally ferrous, sbrasves
and non-metalic sbrasives. The non-metellic sbrasves can
be further subdivided into naturally oocuming, by-product, or
manu factered sbr asves.

G.4.1 Metallic Abrasives: Stesl shot consists of nearly
sphencal parbcles of siesl obteined by granulating & maoken

siream of metal wath water, gir, or other methods. Stesl shot
willl genarally conform to S5PC-AB 3 “Femous Metallic Abra-
she” in terms of hardness, chemical composition, size, and
milcro stnsctune,

Cast siesl gnt consists of angular parbcles pro duced by
cnesh ing stesl shot (SAE JB27). Stesl gt s availablein a wide
range of hardness, from 30 to66onthe RodkwellC scale (R ),
produced by vanying the tempenng time cydes to which the
ant is suljecisd. Generally, free hardness ranges are most
commonly produced: 4010 50 R, 55 10 60 R, and 60 to &5
R.. The firsttwo hardness ranges are used jor strechural steel,
and the |atter is used primanly for selective application whers
desp, conssient, shamp etched finishes are reguined, or whene
maoderate stohes on extremely hard suraces are nesded.

Im 2ddition tosie el shot and grit, inongitmay also oo niom
to S5PC-AB 3. Iron abrasve is charactenzed by high carbon
contentand hardness typically over 55 R, The paricie shape
requirements for inon gt areless stingent than those for stesl
grit.

Iron sbrashe cannotbe recycled 25 many times as stesl
sbrasive, butit can be recycisd many maore tmes than nonme-
tallic sbrasves. ron sbrasve is less costly to purchase than
sisel shrasive. In siwatons whers fullre coveny is not possibile,
such 252 bndge consinment, inon sbrasive has an economc
advantane over steel abrasve. Stesl sbrasive i more cost
etectve in centrifegal whesl machines in & shop.

Metslic shotwillproduce 3 peened surzce Exiure whersas
anit produces more of an etched surface Exture. The stch be-
COME S5 More prono unced with increasing abrasve handness.

Tymical spplicatons of vanous stesl sbrasves, refeming
1o nust condition classfica tons described in Section 4.1 are:

Shot: Commonty used on new siesl (nest conditions
Aznd B) to remaove mill scale wsing ceninfugsl whesl
machines

Gt (40-50 R_): Most eflectve on nust condiions C
and O, but also commonly wsed for nestconditions A
and B

ShotGrit Mixre (Shot 40-50 R Gt 55-60 R):
Used on new steel o remove both mill scale and
rust. Shotigrt mxes demand careful atiention and
ciose control of sbrasve addibons by e operator
i maintsin the shotignt rato.

6.4.2 Non-Metallic Abrasives: Non-metzllc sbrasives
can be cateponzed as natwally ocouming, by-product, or
manufachured. Matwraly occwming sbrashes include slica
sand, olvine sands, staunoliteandother minerals, flint, gamst,
zircon am, and novaculie. Byproduct abr asives indude those
from smehens (nickel orcopper slag) and utlity gensraions (coal
or boiler slag) and those from agnicutiural products (walnut
shells, peach shells, or comcobs). Manufacthured sbrashes
inciude siicon carbide, sluminum oxide, and glass beads.

Commaonly used non-metslic sbrasives for surface
preparabon of steel 1o be painted inchede silica sand, coal and
smelter slags, steurolis, olhane, and garnet Some counines
havebann edthe use of sbrasves with 2 high free-sllicaconient
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because of posable heatth hazards. The U S, Naw specfica-
tion MIL-A-22262, “Abrasive Blasting Media, Ship Hull Blast
Cleaning,” sliows the maxdmum crystalline silica content of
e abrasve to be 1.0 percent by weight. This level of silica
oorme sponds o & Class A sbrasve as described in S5 PC-AB
1, “Minarzl and Slag Abrashes”

6.5 BLAST EQUIPMENT: For the most economics] pro-
duction, e sppropriste blast deaning equipment must be
used.

6.5.1 Corventional Blasting: Airabrasne blasting squn-
ment has five hasic components: ir compressor, sir hose,
blasting machine (sand pot), blast hose, and nozzle. The
compressor must be lange enough to supply e voleme of sir
needed &t e comect pressune, and this depends on factors
such &5 nozde size, number of nozzles, and length and size
of air hose. Nozzies are availzble in several lengths, desgns,
sizes of openings, and lining matenials. Nozzle lengths of 13
020 cm (5 to Binches) are generally used for removing bohthy
adhering nust and scale. Shorter nozzes & cm (3 in) or less
are more sppropnatefor use behind beams and in other areas
difficult 1o access wsing full rangs of moton,

Whereshopcleaning ofstesl is possible, centrifegal whes|
bilasting wnits wsng recyclzble steel abrasve arsthemost eon-
nomical. Both centrifugalwheel and air bla sting are discussed
indetzil in Violume 1 of the SSPC Painting Manusl.

6.52 Vacuum Blasting: Vacuum blast cleaning 5 less
productve than conventional blast deaning and thersfors is
fypecalhy used for small locslzed areas. Vacuwm blast clesning
can achieve the highest levels of surfacs preparstion whils
RN Zing wiark er exgos ure o emissionsof dustand debns. The
inols must be property operated and fitted with e appropnaie
shrowd im order to maintain the seal be tween the blast nozzis
and the subsirate. Compressed air is used to propel shreshe
paricles anainst e surface to be deaned. The blast nozzle s
fitied into & localzed containment assembly (swmounding the
neoEzle anly ) which ks equ ipped with 8 vecwem . Dust, shrasve,
and old paint sre sent 1o & recycler. The deanad sbrasve is
refur ned for re-use. Aluminum oxideormetlic sbrasves such
&5 inon or stesl gnt or sieel shot are commonly used.

6.5.3 Abrasive Blast Cleaning Above Te0 kPa (110 pai):
Cner the lestssversl years many blast cleaning operatons hawe
been developing technigues that will aliow them o blast dean
atnoezle pressuresgreater fhan Te0kPa(11 Opsi). The pimary
drraing force has been dramatc increases in productnaty. For
every T kP2 (1 pal) incresse in nozze pressure misre s a 15
penoent inoesse in productvity. For example, going from &30
o TE0 kPa (100 to 110 pai) is & 10 percent inofe a58 in nozae
pressure but & 15 percent increase in productvity. Going from
&0 1o 550 kPa (100 10 125 psijresults ina 38 percent incresse
i o ductivity.
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Another impaortant sdvantage of higher nozzle pressures
is the shility 1o use finer sbrasives o achieve & given profile.
Uzing finer shrasnes means more abrasve impects per unit
time, which ranslates inio faster deaning and higher producty-
ity. Sieelar inon shrasives are recommendad forhig hpressune
bilastng because they do not break down 5t hese elevated
piressnes. When using non-metallic sbrasves st elevaisd pres-
sures, much aof the enengy imparted o the sbrasve parides
is disspaied in the pubverizing of fhe abrasve particdes, thus,
rediucing ceaning etficiency and dra matically incressing dust
lewials,

7. Summary of S5PC Abrasive Standards

TAS5PC-AB 1, "MINERAL AND SLAG ABRASIVES":
This standard defines the requirements for selecting and
evaluating nonmetallic mineral and slag sbrasives wsed for
bilast desning sieel and other surzoes for painting. The stan-
dard defines two types: 1) naturalmineral sbrasves, inchading
sand, fint, gamet, staurolte, andolvine; and 2) slegabrasives,
inciuding cosl slag, copper slag or nickel slag. The shrashes
covered by e standard are primarily intended for one-tme
use without recycling.

The shrasves are slso dassfied based on the crystal-
line silice content and the profile produced by he abresie.
The surizce profile i3 determined by & bils sting 125t conducted
on 60 cmx &0cm (2 f by 2 fi) steel plates. Ofher propertes
sipuls ted indude s pecific gra iy, hardness, wesght changs on
Ignittion, water-sohu ble contamin ants, moistune conient, snd oil
conient

Faora ghenshrasive type, e surzce profile s determined
by the size and shape of the abra sve particles. The shrasve
suppdier i requined o fumnish a representstive sieve anslyss
of e sbrashe used in the profile determinaton. This seve
analysis then becomes he typical partce size disirbation for
subsequant delivery of the abrasive. Addional infiormaton on
phy=calproperbes of non-metalic abmsves 5 ghenin Tebi 5.

T2E85PC-AB 2, “CLEANLINESS OF RECYCLED FER-
ROUS METALUC ABRASNES": This standand gnes the
cleanlingss requirements for recyc ledwork mofermous metzlic
abrasives. The imis and 25t methods are given for non-zhre-
shve residue, lead content, water-soluble contaminants, and
ol conient.

7.3 55PC-AB 3, “FERROUS METALLIC ABRASIVE":
This stendarddefines the physical and chemicalrequirements
torstesl andinon zhras ves. Abrasive 5 @e s determ insd by seve
analysis Abrasivesh ape divded inioshot orgnt, sdetemined
by the percanteg e of round and elongated particesin 2 sample.
The minimum speciicgrawvity is 7.0 for sieel sbrashe and 6.8
for iron sbrasive. A speciied percent of the abrasve must be
retained on the appropriate @ke-out screen sher 100 opdes
in & durahility #&st. Properties include requiremeants forcaron,
manganess, &nd phosp honous content a5 well a5 conductity
and cleanlness.
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8. Wet Abrasive Blast and Waterjetting Methods

Method s of coating remaoval that invohewate rmay ormay
mat indude shrasive. Several wetabrasive blast methods are
described in S5PC-TR 2'NACE 66198, "S5PC/NACE Joint
Technical Report, Wet Abrasive Blast Cleaning. " The standard
forwatenetting without abrasives isthe joint surface preparston
gtandard S5PC-5P 12/NACE Mo, 5, *Surface Prep aration and
Cleaning of Metals by Waterjetting Prior i Coating.” The joint
consensus reference photographs arecontainedin S5PC-VIS
AMNACEVIST " Guide and Consensus reference Pholographs
for Steel Surfaces Preparedby Wateretting " 58 PC andNACE
regtrict the rms “blast® or “blasting” 1o refer to processes that
involve abrasves. if no sbrasives are present, the prefemed
ferms are cleaning of jetting.

In the past, the term “waier blasting” has genencally
referred to the use of 34 o 170 MPa (5000 to 25,000 p=)
water for deaning where sbrasies may or may notbe sdded.
Currenly in 85PC, the term “water blasting” indicates thatan
ahrasive has been added 1o the walsr stream; it is not wsed
as a defined term in either wet abrasive blast or watensting
docu ments.

£.1 WATER CLEANING AND WATERJETTING (WITH-
OUT ABRASNE): Contaminants can be removed fom 2
surface with water at pressure s from 0.1 o over 300 MPa (15
pal to 45,000 psi). Water ceaning in its most gensral sense
is simply removal of surface contaminants such a3 dint, sod,
and salis from & surface with liguid water. The definitions of
lowi, high, and ulira-high pressure and the use of “cleaning®
compared fo “eting” are based on the nozzle pressure and
are related o the water welocty. Pressures below 34 MPz
(5000 psi) are defined 25 low; pressures sbove 34 MPz
(5,000 psi) are defined 25 high pressure. The term “jeting” is
used when the velocity of the water excesds 335 miés (1100
fts). That condrbon ocours around 70 MPa (10,000 psi). The
reader is cautioned that different seciors may use the i=rms
“lowi, medium, or high® atother leve s or velocities; for example
ASTM™ E1575(5tandard Practicetor Pressure WaterCleaning
and Cutting) uses the erm “high” for anything sbove 645 MPa
(1000 p=t). See Table 7.

8.1.1 Degrees of Cleaning: Joint surace preparaton
gtandard S5PC-5P 12NACE No. 5 | watenstting) defines four
degress of visual cleaning based on the amount of VISIELE
contaminants remaining on e surface. SSPC-5P 12MACE

No. 5 does notrelsie waisrpressure nor volume to fhedegres
of visual cleaning.

The sppearance of 2 suiace deansd by waier can di-
fer from that of & surface cleaned by abrasve blasting. If the
coating 1o be removed is intect, the resultant surface will look
lke the onginal blasted surzes, but darker and dull. If the
coating is breached or there is nust io be removed, the surlace
can be motted or very non-uniform. Every defect is revealed.
The suriace can show vanation in fexiure, shade, color, one,
pitting, or fiaking. A brown-black discoloration of femc oxide
Can remain &5 & tighthy adherent thin film on comoded or pitted
sieal.

B ecausewsaier ceaning andwatensting are used in main-
tenance cleaning, not on new siesl, the coating manuia clurer
should be contacted for details of coating periormance over
residual paint, nest, and mill scale.

Water cleaning andwatensting can remove soluble salts.
Salts can adversely affect coating performance by causing
under film comasion o rosmotic blisienng. Someclaim tmay be
usefulto add & salt remaover of rinse aid 10 schieve the desined
nonvisual deanliness. It is necessarny to ninse from the surace
any product wsed in cleaning o achieve fhe desired level of
cleaniiness. In all cases, it s recomme nded that surfaces be
tested for nonvisdle contaminants after washing and prior to
coatingio ensurecomp liance with recomme nded guid elines or
specfied limits. A comosion inhibitor may be added 1o prevent
the formaton of flash nest.

8.1.2 Profile: Because wateneting doss not provide an
anchar patiem nesded for coating adhesion, water deaning
of watenetting s used primarily for recoating or relining proj-
ects where fhere is an adequate preexsing profie. Water
alone , under vanous pressures, can be used o remove coat-
ing maienzals, deletenious amounts of water-soluble surace
contEminants, nest, shotoreting spatter, and surface grease
and oil. it can not efficiently remove tght mill scale or tighthy
adher ent magnetite. An existing profile under the paintor nust
can be resiored down 1o the bottom of the pits.

8.1.3 Water Consumption: Low pressurne water deaning
(LP WC) is often called pressure washing or power washing.
Pressurewashing of anexisting coating is done foremove sals
and surface contaminanis (chalk, dirt, etc,) prior 1o “deaning”
the surface for painting. Cleaning steel for coatings can be
achisved with water pressures 25 great 2s 300 MPa (45,000
psi) or above and water volumes of only 6 to 55 liers (1.5t0 15

TABLE 7
SSPC DEFINITIONS OF WATER CLEANING AMD WATER.JET TING

Low-Pressure Water Cleaning [LP WC)
High-Pressure Water Cleaning (HP W)
High-Pressure Watsnstting (HP WJ)
Ulirahigh-Pressure Watenetting (UHP W)

Less than 34 MPa (less fan 5,000ps)
34 to 70 MPa (5,000 1 10,000 ps)

70 t0:210 MPa (10,000 to 30,000 ps)
Over 210 MPa (30,000 ps)
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galions)perminute. Whils pressures upto 700 MP a (100,000)
ps are used commercially under controlied siesations, in 2004
an upper limit of 340 MPa (50,000 p=i) is being used in field
deaning equipment designed for the coatings industry. Cau-
tion must be maintzined with water cleaning orwatenstting o
avoid injunes 1o personnel and structures.

B.14 Equipment: The pumps, nozzles, and access
equipment have evohved tremendously since 1900, Vacuum
shrouds, remote controls, filiration, and collection, in both
manual and non-manual systems, are available. The waisr
stream can be combined with 2 vacuum system o remove
the water from the surace immedistely, thereby preventing
flzsh nust. After filiraton e water is then recycled. if efiluent
jetting waier is captursd for reuse inthe jetting method, cau-
tion should be used to avoid introducing any conteminants of
concamn backio the cleansd substrate. Dustemissions are low
because the particulates are wetied and do not disperse in
the atmaosphers. The environmental risk is low &s long as the
water is properly contzined or collected. The rate of coating
removal can approach or exceed that of dry shrasive blasting

depending on the costng system and the complexity of the
structure and project

8.1.5 Flash Rust: Lavels of flash rusting are dafined in
SEPC-VIS 4/NACE VIS T, "Guide and Consensus reference
Photographs jor Stesl Surfaces Prepared by Watsrnetting.”
Flash nest and rust bloom are evaluated separately from
wisual deanliness prior io recoating. if the surace is cleansd
by watenstting, the uniform nust bloom may not be 2 problem
provi ded the desired nonvisible cleanliness is achieved and
verfied by testing. Saction 8.3 is a more thorough discusson
of flash nesting.

8.2 WET AB RASIVE BLAST CLEANING: The methods,
equipment, and other features of wet abrasve blast cleaning
are descrbed in S5PC-TR 2MNACE 6G198, “Wet Abrasihe
Bilast Cleaning” Two systems jor wet abrasive blast cleaning
aredesonibed: presaurzedwatenzbrasive blasting, whichuses
water o propel the shrasive, and sinwaterzhrasive bl asting,
which uses compressad air in prope|the shrasive, The gystem
proce s5&s range from mosty abrasve with 2 small amount of
water o mostly water with 2 small amount of shrasie.

‘Wet sbrasie blasting is & process that can produce
surface cleanliness and anchor patiems (surface roughness)
similar to thoss obtained with dry 2brasive blasting. The lewel
of surface preparation specfied is the same as i dry abrashe
blasting was the process being wsed, that is S5PC-5P 5, 5P
10, 8P &, 5P 14, and 5P 7. However, because the visual sp-
pearance of wet abrazve blasted surzces is not nece ssanly
the same a5 the visusl sppearance of dry sbrasie blasied
surfaces, inspeciors should exercise care and pedgment.
SESPC-VIS 5/NACE VIS 9, “Guide and Consensus refersnce
Photographs fior Steel Surlaces Prepars d by WetAbras e Blast
Cleaning” is & separaie wisual guide for wet abrasive bl asting,
Acceptahls variations in appearancs that do notafiect surface
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cleanliness indude vanations caused by type of steel, onginal
suriace condition, fickness of the steel, weld metal, mill or
fabinicaton marks, heattreating, heat affected zones, bl asting
abrasives, and differs nces due to blasting technique.

Surizces ceansd by wet sbrasive blasting typically sppear
darker and duller in appearance han sufaces cleansd with
the same sbrasve in dry abrasive blasting. Wids varniations in
appearance can be observed among abrasives within 2 ghven
genericclass. See SEPC-VIS 1 for llustra tve photog raphs for
dry biasting.

When thesurface is stilldzmp ar wet, itwill sppear darker,
and defects and vanatons in shading are magnified. As the
surface dnes, streaks will form which are not necessarly de-
picted in small unit sze photographs, butwhich can be clearly
seen on langer areas.

Wistted sbrasve should be removed from the substrate
after blasting. This is frequently sccomplished with a2 low
pressurs watsr deaning. Sometimes a soluble salt remover
is added 10 the water. if rust back is of conoam, an inhibitor
can be added to the water. The coating manuiaciurer should
confirm that the use of addithves fo the water will not effect

coating performance.

B2 Air'Water/Abrasive Blasting: Ariwaterizbrasve
blzsting is a cleaning method in which water is injected into
the air'sbrasive stream generzied by comentonal air-pres-
surzedabrasve blasting squipment, or inwhich the pre moosd
abrasivelwater combinaton is forced indo the blastair stream
generaied by a conventional air compressor. Other genenc
terms 10 describe speciic airwater/sbrasive blast cleaning
methods are water shroud blasting, wet-head blasting, wet
blzsting, low volume waier shrasie blasting, water induction
nozas (WIN), and shumy blastng.

Water helps to remove contaminants from the substrate,
towet e sbrasive, and to substantally reduce dispsarsion of
fine particulates (dusf). Parbculstes are often caused by the
breakup of the shrasives, surece comosion products, and
paint if fve surlzce has been previously painted. Dust sup-
pression s achieved by thorowghly wetting the abrasve and
other partcles to encapsula t them with & tin film of moistrs,
The objective is to suppress the dusting stiect caused by the
impact of the abrasive on the substrate, while retining the
blzsting charactenstics of dry abrasve, induding creaton of
an anchor profile. The amount of water vanes; removal of sals
i5 & secondary objectve.

The equipment used for wet sbrasive bilasting gener-
ally consists of comentonal dry abrasive blestng equipment
supplementsd with modules to inject water into the abrasive
siream, or specalized equipment that crestes an abrasveia-
ter sharry that is foroed into the compressed blast air stream.
Several methods exist for introducingwaterintothe airstream.
With radialwaier injectors (waterrings), waterinduced nozzies,
and cosasl water injectors, water i5 injected near the bilast
nozze.

Ahybnid proces ssometimes calied AIWE, abrasve injected
wiater blasting, was introducedafter S5PC-TRANACES G198
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weas publish ed, ThisAIWE process mixes & conventona | abra-
sve &irstream with water jets up to 240 MPa (35,000 p=) at
e nozzle. The volume of abrasve can be vaned. [t mxes &
conventional abrasive air stream wsing 0.2 1.1 kgimin (05
1o 2.5 pounds/min) with the water jet stream up o 240 MPa
(35,000 pai) at the nozzle. It wses both & conventional fuid
pump and 8 compressed air stream and produces a difuse
goread pattem.

With shermy blasters, the water is injecied into theainzbre-
vestream atsomepoint substantizlly upsire sm fom theblzst
nozzle or at the abrasive hopper, rather than atthe nozzle. In
the low volume, low pressure water sbrasve blasting system
LV ILP'WE), fouwr parts of abrasive are wetted with one part of
weater in & hopper. This slightty we tted sbrasive shemy is car-
ned in & conventional compressed air steam and produces
results very similar to dry sbrasive blzsting. There s minimal
water nan-off.

£.22 Water/Abrasive Blast Cleaning: The methods,
equipment, and ofher features of watenzbrasve blast dean-
ing &re descnbed in SSPC-TR 2MACE 6G198, "Wet Abrasie
Bilzst Cleaning.” Water/sbrashe blast cleaning is & cleaning
method in which abrashe is injected indo the water stream
generated by conventonal fuid pumps. Other genenc Ems
1o desonbe specic watenabrasve blast cleaning methods s
shurmy bilasting, sbrasive water jgt (AW.), or sbrashe injected
watenettingblzsting [AIW.), abrasive injecied ultra-high pres-
e (UHP AB), high pressure sbrashe blzst (HP AB); low
pressuns shrashe blast (LP AB).

Thetypical devicesu sed for thismethod ofcleaning consst
of & fluid pump with & venturi nozzie of some type in which
e wiater flow draws e sbrasive into the waisr stream or e
ghrasihe media i injected indo the water stream under pres-
sure. The addition of expendable abrasves to high pressuns
water jets improves the productivity of the technique, enables
e remaoval of intsct materniats, and faciitetes the oeation of
asurtace profile.

Because he fuid stream 5 well defined, these dewces
usua lhycutanarmow blast patiem, The hybnd system descnbed
in §2.1, & rotating injection nozzle designed for pressuns
washers, and e UHP AB systems produce difese spresd
patiems.

8.3 FLASH RUST AND RUST BLOOM: Stesl that 5
cieaned with water can nust rapidly. The rate of re-nusting
will depend on the punty of fhe water, hie amount of oxygen
dissobved in the water, fhe amount and type of lons (chilonds,
muifate, etc)) left on the surface, the temperaturs, and he
drgng time. In 1981, G.C. Soltz reported that stesl will not
nust in 100% relative humidity if 2l of the salts ars removed.
[G.C. Soltz, “The Effects of Substate Conteminants on te
Life of Eposy Coatings Submerged in Sea Water,” Natonal
Shipbuilding Research Program, March 1931 This is true,
bt when water condenses on e surface, the siesl nsts.
in practical tsrms, tap water, rainwaier, pond water, and the

wiater fhat ks typically found in natre orused for deaning wil
contzin soluble matenals and dissohed oxygen, Soluble salt
removers andior inhibitors can be added to the water during
the cleaning process 1o reduce the potential of flash rusting
[3ee Section 8.4). The use of low conductiity watsr with the
removalof all salts (a5 measuwned by fisld tests) will sgnificanty
reduce the amaownt of flash nest. The amount of flash nestalso
can be significanthy reduced with the addition of forced air dry-
ing or use of 8 vacuum shroud which does not aliow the water
to remain on e surace as it is drying.

Flash rust and rust bloom are often wsed interchange-
ghily. However, all rust bloom is not flash nest. Rust bloom is
usually thowght 0 be somewhat uniform nust spread = venly
over & lange section of the suriace. This condition can oocur
on both wet or dry blast deansd stesl and can ke days to
develop. The distnguishing feature of flzsh nst is fat it oc-
curs within minwies or hours of cleaning. Flash nesting can
form quickly 1o change fhe inial appearance. I is not e nst
itself, but the sownce of the re-nusting that is of concem to the
costing manuts churers, &5 inert inon cotides (nest) ars used a5
pigments. Very dark, splotchy nest spots which appear o be
isolated in localzed aneas ususlly indicate thet spots of salt
contaminant are left in pits, under metal lips, or in oewces,
These non-vishle contaminants are found 1o be detrimental
1o coating perormancs, A light, easily removed nst bloom is
conzd ered inertand & sign of general sieel oxidation. Coating
manufacturers have concems shout performance when their
coatings ane applied over loose dust or loose nust The level
of nust bloom that can be tolerated in 3 given emaronment
must be determined for each costing system by the coating
manufacturer.

Flash nusting is not addressed in the dry sbrashe blast
cleaning standards except in e notes. Re-nestng of dry
shrasive blzsted steel, as thers s litle moisture present in
the preparaton process, can be s sign fat non-visesl con-
taminants hawve been et onthe siesl, which is generally not
acceptabletothe coatngs manuizcturers, G, C. Soltzhas found
that, for abrasive blasting, costing the surface before it has
re-nestedis noassurancethat the costing performance will not
be compromised. [G.C. Saolz, “Understanding How Substrate
Contaminants Affect the Performance of Epoxy Costings &
How To minimize Contemination,” S5 PC 1998 Procesdings,
“Increasing the Value of Costings”, p 208-219)] The Joumnal
of Protective Costings and Linings (JPCL) has other arficles
published on this subject

Flashirusting by wateri s addressed in S5PC-VIS 4/WACE
WIE7, *Guideand Consensus reference Photographs for Stesl
Surfaces Preparsd by Watenetting.” The consensus reference
photographs depict sl with light, medium, or heavy flash
rusting prior 1o re-coating. Depending on the particular coat-
ing and exposurs environment, e coating manutschirer may
aliow flash nesting at one of these levets. The SSPC report,
“Maintenance Coating of Weatherning Stesl,” (22-08), found
that coatngs can perorm quite well over 8 blasted surace
that has & uniform nust bloom.
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EAINHIBITORS AND SALT REMOVERS: To somesstent,
the surlace preparaton industry does not aleays distinguish
dlearly betwesn nust inhibifors and salt removers. If salts are
removed, the cormoson rate is reduced because the strengih
of theelectrolyis in the comos oncell is decreased. Aninhibior
genarally retards the reaction ofoxygenor oxidizng agentswith
irgn, inhibitors andfor soluble salt removers canbe addedtothe
pressunzed deaning water of o & nnse water io temporarnily
prevent nist formation.

Environmentz | and health concems in recent years have
prompied changes in the chemistry of nist inhibiors. The
chemical components of nest inhibitors incledes polyphos-
phates, volatle amines, benzoa tes, nintes, suriace tension
reducers, organic acds, chedating agents, andotherproprietary
compounds. These can also be incleded in the formulzton of
water-bome paints o reduce nust bloom. Additves contzin-
ing soluble sals or film formers, while providing shor-term
protechion, can adwersely atiect the long-isrm performance of
fhe coating sysiem.

Chemical ninse aids range from very acidic 1o neutral o
bassc. The product ldera ure noma lyfocuses on the percened
bensfits of fhe matenals, and not on the chemistry. The mats-
izl safety dats shest will generally list e pH.

Ifan addiive is used inthe water, it s imperatve that e
coating manuizcturer be quensd about e compatbility of the
coating with the water additive swch &s an inhibior or soluble
salt remover. Some coatings manufactrers will accept the
compatibiltyprocessin ASTMD 5387, “Practics for Evaluating
Cioatings Applied over Surfaces Trested with Inhibitors Used
i Prevent Flash Rusting of Stesl When Watsr or Watenifbra-
sve Blasted.” Other coatings manuiacturers preter their own
in-house st methods. At the present tme many coatings
manu taciurers prefer placsng feir coatings over a clean, light
fizsh nust whose ongin is not in question rather than adding
the uncertainty of an inhibior, chemical ninse aid, or soluble
salt remover.

9. Other Cleaning Methods

9.1 CHEMICAL STRIPPING: Faint stippers arefre quenty
used o remove paint from indesinsl strecheres. Alkaline sTip-
persaremare sffective n removing oiHbased paints, and sohent
type sippers are more effective in removing latex paints. |t
may be necessary to wse both types o strp alematng layw
ers of oil and lsiex costings from 2 surface. Strippers usually
contzin a thickener to provide more contect time for sobent or
chemical attadk on the paint. Some are coversd with & shest
of plastic to increase e contact time. Chemcal shipping is
one method of removing old, lead-contgining paint.

An akaline (caustic) based or sohent besed chemical
stripper is 2pplied to the surzce using trowels, brushes, rolk-
ers, or spray applcation. After the specified dwell tims, the
stripper is removed wsing tradio nal scrapers, slthough water
deaning or ice blasting can be used. Mill scale and rust are
not removed, and & profile is not generated, but an exsting
praofile can be restorsd.

SEPC-5P COM
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A relatvely new class of chemical stippers are selectve
adhesion release agents [SARA) based on alcohol hydnooy-
carboxylic 2od peroade (AHP). These are slow actng but
are envronmentally fmendly Apermeable doth can be placed
on the ground &t e base of the struciure 1o collect e paint
debns, while the stnpper can be aboorbed inio e ground.
SARAsTippersd onotwork wellon highly cross-linked novolac
epouies, nigd urethanes, and wnyl esie s, but they are usetul
in remowing sbyds, latexes, pohyursthanes, epoxy esters, and
amine and poly@amide epoies.

The specific wype of shpper must be selected based
upaon the genenc fype of fe existing coating system as well
as heslth, salety, and emvironmentzl concemns. Some of the
STppers require & minimum jour hours set tme whils others
may require two full days. In addition, many of the sohent
smppers invo e ch emical resctions whichgeneraie heat. This
heat must be contained in order for the chemcal reacton to
continue, which may require covers if ambient temperaures
are ioolow. Many paint sppers are 2 vailsbleforthe complete
immersionof painted surfaces, butthese are generally speciatly
ftems.

(Once the stippers have performed the desired softening
of the existing coating system, they are e quenty removed by
a seraper. Wa ter desning or ice blastng mefhods increase the
wiolume of waste due to the addition of the water. Even for the
remowval of non-esd containing coatngs, the resulting waste
sream may be classfied as hazardous dus ipeither fhe caustic
or the solvent component. Informa tion on chemical siripping
can be found in the echnoloagy update 55 PC-TUE, *Chemical
Stnpping of Organic Coatings from Stesl Structres” and in
Volume 1 of the 55 PC Painting Manual.

92 50DUM BICARBOMNATE (BAKING S0DA) BLAST
CLEANING: A relsthely new, low-dusting method of blast
cleaning uses a sy of water and sodium bicarbonate, a
water 50 luble non-reactive salt, toremove paint from asurface.
The porizblewnit can be whesled from onelocation o another.
Once in place, the sysiem requires & source of compressed
air (typicaly 600-700 kPa [B5-100 psi] at fhe nozzle), clean
waier, and drainage. In mostcases, gpecial ventilation or dust
collection is unnecessary. The operator can vary the angle of
atteck, standoH, and dwell time to sinp layer by layer or all st
onCe.

This bilast medum is & fomuilztion of sodum bicarbonats
and is free from silica dusts and ootic fumes. The madium is
claimed to be eflectve in:

+  removing surface nest from screws and other metal
parts without imbedding itself into fhe maienal being
stripped
remaoving coatings down 1o the metal or one layer at
atime

coniroliing lzyer removal, &llowang for 2n extra mes-
zure of safety when used on galvanzsd or other

specaly protected metals

remaovang grease, oil, paint, and dirt from flat or con-
ioured suriaces, cooling towers, moior pers, and
hard-to-reach equipment parts.
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Thits system was developed for removal of aircratt coatings and
=imilar matenals from surfaces which dono treguins “profiling”.
It slso reduces dusting.

For blasting alone, productvity depends on the coating
being removed and the degres of cleaning. Remowval rates
can be as highas 11 m3h (120 1##h) for removal of thin dete-
niorated films. Remowval of detenorated thicker fims may be
much slower, on the order of 2 to 5 m%h (20 to 50 fith). Intect
films may not b e dislodosd wsing sodivm bicarbonatebl asting.
Sodum bicarbonate blestng s discussed in Volume 1 of the
SEPC Painting Manual.

0.3 PLIANT MEDHA BLASTING (SPONGE JETTING):
Another low dusting method of cleaning, sponge jetting, in-
voilves the use of spes slized blastng equipment hatpropels
& manufachured urethane spongs 2gainst fe suriece to be
ceaned. The sponge particles are approcamately 3 1o & mm
(148 1o 1/4 inch) in diameter and are available ina mild grade
for degressing and aogressive grades for paint or mill scale
removel. The aggressive grades have the sponge formed
around an shrasive. Abra sives includs steurolie, gamst, and
stesl gt

The producthaty is lower fhan radibona| sbrasive blest
deaning (30-50%% of the productvity), but typically will be
higher fhan power ipol deaning i bare metal and vacwum
bilast cizaning. White metal quality of preparation is possbils
and a surace profileof spprocimately 50 micrometers (2 mils)
can be schieved. The dust generaisd is low because the cells
of the sponge help to swppress the dust, and the paint tends
o be disiodged in langer chips rather than being pulvenized,
&5 15 the case with treddonsl shrasve blast cleaning.

0.4 CARBON DIOXIDE (DRY ICE) BLASTING: In this
dust free method, liquid carbon diosde is formed indo pelists
of dry ice using specisized equipment The OO0, peliets are
appnoamaie by thesizeof rice. The pelists are conveye d faough
& bilzst hose wmng compresssed &ir in & manner similar io open
abrasive blast deaning. The peliets st through a specislzed
nozzle sssembly.

An advantage of CO, blasting is a reduction in the vol-
wme of debris created a5 e sbrasive sublimes wpon wse.
As 8 result, e wa ste invohves only the paint being removed.
Carbon dicxide is also non-conductve and will not creaie a
spark, andtherefore canbeconsiderad foru se in areas where
any sparkang 5 unacceptable.

Disadvantagss are that the sbrasve doss not sppear o
b hiand enou gh to productive ly remove heavy costings, nest,
or mill scale. Maore than just stains of old primer waill remain
on the surface. Tight coatngs are difficult to remove without
frostingthe surzce. The equipment is 8 lso expensie. Carbon
diood de bilest deaning s discussed inmore detaill in Volume 1
of the SSPC Painting Manuwsl.

9.5 ELECTROCHEMIC AL STRIPPING: A very recent
method of paint removal is electochemica | sinpping | By apohy-
ing cathodic cument to & painted metal subsirate, disbonding

of the coating is schieved. The be nign elecirohyte is contained
in & liquid-shsorbent matensl o which & counier electrode is
attached. This combination, often combined with & liner, is
applied o the peinted me el surace, with magnets in the case
of steel. If the paint s intact it must be soored to iniiste cur-
rent flow. Afier electrochemical e atment for 0.5 1o 2 hours at
& 10 10 volis, the pads are remowved and paint fregments. are
recoversd. Mo pariicies become airbome making this method
attractive for lead paint removal.

Banks of conductng pads may cover an area up o 14
m? (150 1¥) and can be nun simultanscusly. This method was
developed particularhy for applicaton on highway structures to
remove lesd based alkowd-type coatings, but it may be employed
for paint removal on ofher objects. Electochemical siripping
s discussed in more detail in Violume 1 of the S5PC Painting
Manual.

10. Film Thickness

It is essentzl fhat ample costng be applied after blast
cleaning to adeguately cover and protect the pesks of the
surice profile. The method of measuring dry film tickness
(DFT) describedin & SPC-PAZ, “Measure ment of Dry Coating
Thickness with Magnetic Gages, " takes intoa coount the effect
of surfzce profile 50 that the mezsured DFT is approximately
the thickness of the coating over the peaks. Thus, te depth
of the surzce profile should be considered in determining the
amount ofcoating obe applied. Forexample, f 2 50 micrometer
(2 mil) OFT is desired, it will require & langer volumse of paint
to fill the valleys in 3 75 micrometer (3 mil) profile than o fill
the valleys ina 25 micrometer (1 mil) profie and still havwe 50
micrometers (2 mils) overthe peaks. Because of hesxisience
of rogus peaks, 2 greater coating thickness may nesd 1o be
speciied when coating deeper profiles.

11. Consensus Reference Photographs

Mote that consensus reference photographs, when used
in conpunction with S5PC surlace prepara tion standards., give
onilty an approcimaton of fie final suface cond bon, because
the consensus relerence photooraphs are based on one
specfic setof steel condifons and deaning operations. These
conditiomns will not be identical to the conditions feced on other
progects. It is cautioned, therstore, that any consensus refer-
ence photographs should be consdered & supplement 1o,
and not 8 substute for, suriece preparaton standards. The
use of consensus reference photographs in conjun ction with
SSPC stendards is required only when they are specified in
the procuremen t docume nt covenngthe worke | ssugoesied,
o ., thatco s refe phoiographs be ape clied
in the procurement d coument. Alfvowgh they will not precisely
maich the appearance of the siesl on every project, they are a
waleahle zud in establishing the gensral appe arance descnbed
by the surzce preparatonstendards, and areespecially wsetul
indepicting e relatvedifferences betwesn thevanous grades.
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Even when consensus reference photographs are includsd in
fhe procunement document, however, it must be recognized
that the written standards prevail,

SEPC has consensus reference photographs fordegrees
of blast cleaning (SSPC-VIS 1), for the amownt of nest on a
painted surfacs (S5PC-VIS 2), for hand and power Dol dean-
ing (55 PC-VIS 3), for wateneting (S5PC-VIS 4), and for wet
ahrasveblastdeaning (SEPC-VIS ). Some B5PC consensus
reference phoingraph s are jointly Bsvedwith NACE (SSPC-VIS
4andVIS 5) or ASTM [SEPC-VIS 2). Other assoc abons, such
25150, a5 wellas indridusl companies, have visualstandands.
The following sectons summarnze the S5PC consensus refer-

ence photographs.

11.1 S5PC-VIS 1, "GUIDE AND REFERENCE FHOTO-
GRAPHS FOR STEEL SURFACES PREPARED BY DRY
ABRASIVEBLAST CLEAMING" : 55 PC-VIS 1 provides stan-
dard consensus reference photographs for seven nest cond-
tions (pre-blast conditions) and five degrees of blastcleaning
thainou ghiness. Endconditions comesponding o S5PC-5P5, 6,
7, 10and 14 are depictedover four inizl unp ainted conditions
and threepainted conditions. S5PC-VIS 1, which contzins the
achual photographs, is 2 separste publicaton (SSPC #02-12);
hiowe ver, & wiitien “Guide to S5PC-VIS 1° is induded in this
volume, The appendo of 55 PC-VIS 1 incledes supplementany
phaotooraphs depicting the ap pearance of white metel suriaces
preqared from albematie non-metalic and metsliic sbrashes.
Additionzl photographs showthe eflectof profile height, view-
ing angle, and diffusion of light

11.2 S5PC-VIS 2, “STANDARD METHOD OF EVALU-
ATING DEGREE OF RUSTING ON PAINTED STEEL SUR-
FACES": This standard defines 2 nust grade scalewhich goes
from 10 {no nest) to O(totally rested). SSPC-VIS 2 defines thres
ruest distributions:

General Rust — consisting of vanous size nist pots
randomiy scattered over the surface

+  Spot Rust — where e nesting is concenrated in a
few large spots
Pinpoint Rust — where each nest spot is very small
and scattered acnoss the surface.

SE8PC-VIS 2 consists of 27 color photographs depicting
rust grades 1 o9 fior each rust distributon. The photographs
were subjected o computer analysis to ensure they llustrate
the percenta ge of nestdefined inthewnitien standard. For each
color photograph, there is a comespaonding blad: and while
image showing only the nusted area. The witien descrpton
and the bilack and white images are contained in this voleme,
and are identical in technical content (though not format) o
ASTM D&10. In addibon to the text and the bleck and whits
images reproduced in fhis volume, the separate publication
S8PC-VIS 2 includes a full color set of 27 photographs that
show nust stining and represent 2 maore realistic picture of
the painted suriace
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11.3 S5PC-VIS 3, “ GUIDE AND REFERENCE PHOTO-
GRAPHS FOR STEEL SURFACES PREPARED BY HAND
AND POWER TOOL CLEAMING": S5PC-VIE 3 prowades
Conse neus re ference photographs for fourgrades of hand and
power inolcleaning (S5PC-5P 2,3, 11, and 15) of seven initial
comditionsg of steel | fowr unpainted an dthres pained surfaces).
Thetoots usedioclean thesesuraces include hand andpowsr
wirg bneshes, sanding discs, and non-woven sbrasive discs,
Nesdle guns andior rotry flap peen assemblies were used
to create the profile in the sursces deaned o S5PC-SP 11
and SP 15.

While & guide to the VIS 3 standard is induded in fhis
violume, e colorphotographs ane only available 55 aseparste
supplement Writien stand ards are e pnmary means to de-
termins conforman cewith deaning requirements photographs
should not be wsed a5 3 substiule for the witien standards.

11.4 S5PC-VIS &/NACE VIS 7, “GUIDE AND REFER-
EMCEPHOTOGRAPHS FOR STEELSURFACES PREPARED
BY WATERJETTING": S5PC-VIS 4 prowdes consensus
refersnce phaotographs for s nest condtions (pre-bilast con-
ditions) and four degress of deaning by waienetting. End
conditions comesponding to S5PC-5P 12: WJ-1, W2, W3,
and W4 are depicied ower two initial unp ainted cond ibons
and four painted condibons. Three levels of flash rustng after
cleaning are depicted for two initial nest conditions deaned
to two degress of watenstting cleanliness (WJ-2 and WU-3).
SEPC-VIS 4, which contains the colorp hotogr aphs, is 2 sepa-
rate publication (SSPC #01-08); however, a witten “Guide to
EEPC-VIS 4° s included in this volume.

11.555PC-VIS SNACEVISS, “GUIDEAND REFERENCE
PHOTOGRAPHS FOR STEEL SURFACES PREPARED BY
WET ABRASIVEBLAST CLEANING" : 525PC-VIS Sprovadss
comse nsus relerence photographs for o nest conditions (G
and 0)and two degrees of wet abrasive blast cleaning (S5PC-
5P & and 5P 10). Three levels of flash rusting after ce aning
are depicted for the two inital nust conditions. S5PC-VIS 5,
wihich contzins thecokor photograp hs, i aseparate publ ication
[SSPC #01-08); however, 3 witten “Guide o S5PC-VIS 5%is
inchuded in this volume.

11.6 150 PICTORIAL STANDARDS: The Intemationsl
Organization for Stendardizaton (I50) in conpunction waith
Ewedish Standards Instiution (515) has isswed & bookiet of
reference photographs (150 8501-1:1988/515 55 05 59 00)
depicting fhe appe arance of sursces prepared by hand and
powertoolcleaning, sbrasive blastde aning (four degrees) and
fiame cleaning. The methods of deaning are depicted over
vanous nest grades of unpainied steel. 1590 B501-2 depicts
2 similar set of surlaces whers the substrate was previoushy
painted stesl.

11.7 OTHER PHOTOGRAPHIC STANDARDS: The
Production Technical Society (Japan) has prnted color i
ustratons of wash primed and zinc-nich primed stesl before
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and atter weathering and re-gdeaning. The phatographs of the
Shipbuwilding Association of Japan illustra e the appesrance of
painted, unpainted, welded, and flame-cut sesl betore and
after vanous degrees of damage or weathernng.

British stendard BS 7079 Part A1 is equivalent o 150
B501-1 (unpainted steel) and BS TOTI Pant A2 is equivalent
o 150 8501 -2 (prewously painted steel).

118 PROJECT PREPARED STANDARDS: Prepared
shessl wil often appeardiffersnt fromthe photographic standands
due to vanations in inal surface conditions, abrasves being
used, and 50 forth. Because of difficulties in compansons, it
i5 sometimes recommende d that the contractor prepane blast
cleansd samples representatve of the sieel o be blasted
which, by mutual agree ment of the owner and the conraciorn,
are representatve of the required surface deanliness and
appesrance. Sugoested dimensions of the reference siesl
panels are approximately 15 x 152 0.50m (6x 6 x 316 inch)
minimum. The blast cleaned panets should be completely
protected from comosion and contaminaton, and maintsined
a5 reference standards for the duraton of the project. As an
aliematve 1o test panels, portons of e structure being pre-
pared can be used.

12. Other SSPC Surface Preparation
Documents in This Volume

121 85PC-TR INACE 6G 154, “JOINT TECHNOLOGY
REFORT ON THERMAL PRECLEANING": Thermal pre-
cleaning ks used inconjunction with other surlsce preparaton
methods, such as sbrasive blast cleaning, to remove soluble
salts from e pits of heavily comodad stesl. The ol and gas
indhestry &5 well &5 the rail car indusiry use thermal predean-
ing extensively This report descnbes the parameter s used for
dry heat and wet haat. | also lists methods for ventyng the
surface cleanliness.

122 S5PC-TR ZMACE 6G198, “JOINT TECHNICAL
REFORT ON WET ABRASIVE BLAST CLEANING": This
document covers procedures, equipment, and matensls in-
vohved in & vanety of airwaterzbrasive, watersbrasive, and
water-pressunzed shrasive blast desning systems. Vanous
types of wet blast systems are descrbed and compansd,
SEPC-TR 2 discusses selection of abrasives, water delivery
gy stems, inhibitors, and equipmentops mtionand maintenance,
[See Section 82.)

123 SSPC-TU 2MACE 8G197, “INFORMATIOMAL
REFORT ANDTECHWOLOGY UPDATE: DESIGH, INSTAL-
LATION, AND MAINTEM ANCE OF COATINGSYSTEMSFOR
CONCRETE USEDIN SECONDARY CONTAINMENT “: This
reqoirt covers thedesign, installaton, andmainisn ance of pobs-
menc coating sysiems that are applied and directly bonded o
concretel nsecondary containme nt applicatons. Thisreport is
infen ded o inform manuta churers, spectiers, ap plicators, and

faciity cwners who ane requirsd o contain chemicals and’or
protect concrete in these applications.

A chemicalresistant coatingis oftenapplied to concrete to
exiznd the senvice Ife of the secondany containment sirecture
and property contain the chemicals. This report focuses on
those aspects of the design, matenals, and procedures that
are gpecific o coating for concrete in secondary contzinment
applications, making reference to ofer publicatons when ap-
proginiate. Whils there are numernous successful commercial
products and designs forcontainment of chemicals, this report
focuses on concrete structures fiat ane costed with thermoset
potymer coating systems. Other potentially effective contain-
ment systems, such &5 acd-resstntbrick and thermoplastc
liners, are not described in this report.

124 SSPC-TU 4, “FIELD METHODS FOR RETRIEVAL
AND AMALYSIS OF SOLUBLE SALTS ONSUBSTRATES™:
Thits technology updste describes methods for estimating the
amount of soluble salt on 8 sursce. Two types of remeval
methods, fhe cellmethod andthe swabbing or was hingmethod,
are applicabls to fisld retrieval. The “total® extraction method
inviohees imme rsson of the surface in boiing water and, hence,
i useful only ina lsboratory.

SEEPC-TU 4 gves deteiled procedwes for obisining a
liguid sample and for analyzng i o determine the level of
soluble salt. Test kits are availsble 1o smplfy the extraction
and analyss. The S5PC standard on watenetting, S5PC-5P
12, defines free levels of soluble salt conta mination or non-
wizhle surace deanliness.

12555PC-TU G, “"CHEMICALSTRIPFING OF ORGANIC
COATINGS FROM STEEL STRUCTURES™: This document
defines chemical strippars and disaesses theiress for removing
comentona longanic costngs from siesl s chures. Chemecal
sirippinginvohves applicaton of 3 chemicalto existing paint, &l
lowiing ittodwelifora penod of tmeto attack the onganichinder,
remaoning bulk p aint'stripper residess, and property deaning
the siesl subsirate prior i repainting. This schnology updats
desoribes methods used to idently the type of stipper that
willl wiork most effective by, and typical apolication and re moval
options. |t also presents contsinment and disposal opbons
for swipper wastes. Chemical stnpping s also discussed in
Volume 1 of the S5 PC Painting Manual.

13. Non-S5PC Cleaning Standards

Therecommendations, stendands, and guides of anumber
of oiher assoesatons reference the S5PC surface preparation
stand ards, including: Amernican Associaton of State Highway
and Transpora ton Officials [AASHTO); Amencan Instiute of
Stesl Constructon (AISC); American Iron and Stesl Instiute
[AIS]); Amencan Petroleum insttute (AP}, Amencan Raillway
Bndge and Building Association (ARBBA); Amencan Water
Works Associzton (AWWA), Canadian Instivie of Stesl
Construction (CISC); Painting and Decorating Contraciors of
Amenca (PDCA); Sieel Plate Fabncaiors Assocstion (SPFRA);
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and the Texas Structural Steel Insttute (TSS1). They are also
used by many state highway deparments and other fedaral,
state, and local agencies.

Governmentz| agencses have been active in prepanng
good suriace preparaton specifications, but most of these
deal with thin metal and do not particulary apply to stnecires.
The US Army Comps of Engineers C il Works Devisson has is-
sued CW-0D0840, “Gande Specifications for Painting Hydraulic
Stnucturss and Appurisnant Works." This speciicaton covers
e deaning and treatng of stuctural sieel a5 well as the ap-
plicaton of paint and the paints 0 be used. it makes use of
e S5PC surface preparation standarnds.

Federal Specification TT-C-490, “Chemical Comversion
Coatings and Pretreatments for Femous Surfaces (Base for
Organic Coatings),” covers vanous types of surace prepars-
fion and pretreatments.

For intemal use, the US. Department of the Navy,
Maval Sea Systems Command, has prepared Chapier &31,
“Preservation of Ships in Senvice (Surface Preparaton and
Paimntng) NAVSEA-SS086-VD-STM-OO0DCH-E31," which
inchudes surface preparation standands in sdd ibon o paintng
specifications and paint systems. Detziled speciications for
pickiing are induded.

The Internation al Onganization fior Standa rdestion (150)
s included wiitten definiions and photographs depicting the
appearanceof uncoatedsies | ;e acescleansdy flame dean-
ing(1508501-1:1988). This book also includes photographs for
unicosied sieel surlaces dea ned by hand and power tools and
by abrasve blasting. A parzliel stendard |50 8501 -2 depicts
degrees of deaning over previously painied suraces.

The British Standards |nstiuton standand BS 707 9:Pants
Al and A2, *Preparation of Steel Substrates Betore Appleaton
of Paints and Related Products® is essentizlly equivalent o
150 8501-1 and IS0 8501-2.

14, Surface Preparation of Concrete for Coating

14.1 INDUSTRY STANDARDS: There are seversl
relatively new S5PC publica tions for surace preparation and
coating of concrete included in this volume:

= SEPC-SP 13/NACE NO. 6, “Surface Preparation of
Concres"
SEPC-TU 2MNACE &G197, “Informatonal Report
and Technology Updste: Desgn, Insellaton, and
Maintenance of Coating Systems for Concrete Used
in Secondary Containment”
SE5PC-TRS, “Desgn, Instellation, and Maintsnanceof
Protectve Polymer Flooring 5 ysiems for Concreis®
S8PC-PA T, "Applying Thin Film Coatings o Con-
crete”
S8PC-TU 10, “Procedures for Apphang Thick Film
Coatings and Surfacings Over Concrete Floors®
SEPC publication #04-03 “Surface Preparation
and Coating of Concrete”is a compilation of SSPC
documents taken from Volumes 1 and 2 ofthe S5PC
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Painting Manual, The Ingpechion of Coatings and
LLinings, and S5PC 300735 technical presenta tons.

The Intematonal Concrete Repair Instiute (ICAl) has
defined nine concrete profiles, thinesn methods of achieving
them, and five different costing thickness ranges. ICRI has
also developed & 5et of nubber replica specimens for the nine
differentprofiles. These rubberreplicas and the accompaniying
document, ICR1 Guide line Mo, (8732, “Select ng and Specify-
ing Concrete Surface Preparation for Sealers, Coatings, and
Potymer Onverlzys "areavailzblefromS5PC. NACE and ASTM
have slso ssued standards on suriace preparation, repar,
cogting, and inspection of conareie. These are referenced in
the SEPC documents listed sbove.

142 METHODS OF CLE ANING CONCRETE: Conorets
may be cleaned by many of fhe same methods wsad to clean
sisel for painting. However, care mustbe exencsed 50 a5 not
todamageithe concrete surface. Concrets may be ceaned with
deterpent/powerw ashing, zlkalineorsteamcleaning, chemical
cleaning, abrasive blestng, high-pressure water cleaning, or
meech anical cleaning with pn euma ic tools, scanfiers, grindsrs,
and scabblers. Efflorescance musthe remowved from ce menti-
tious surizces by dry ware brushing orother mechanicalmeans
betore any washing occurs. Water will mersly dissohe the
effiore scence and farce it into the concrete.

15. Surface Preparation of Other Metallic
Surfaces

151 ALUMINUM: Because sluminum is soft and chemi-
cally reactve, specizl precautions must be exercised when
prepaning &naluminum surfsce forpaintng. Chipping hammerns
&nd scrapers tend o gowge e soft 2luminum. Wins brushes
work well on sluminum, but they must have stainless stes|
bristies, mot carbon stesl or copper. Abrasve mats, paper,
and doths can be wsad to remove comosion products or o
teather the edges of intect paint. However, fhese maienals
should not be wsed on any ofer type of surace to prevent
cross contemination of the aluminum. Aluminum wool may
&lso be wsad for deaning.

Abrasve blast cleaning can be peromed on sleminum if
the abrasve and blz sting pressure are chosen comecty. The
mast common situstions are S0- gt aluminum oode (2l mina,
conundum, or emeny) or gamet at 410 - 480 kPa (80 - T0 p=).
Femous sbrasives should never be used. Allemative media
tor cleaning sluminum include pliant media (sponges), plastc
peliets, agnculiura | sbrasves (com cobs, walnutshells, peach
pits), olass beads, sodum bicarbonaie [baking soda), and
carbon diceade (dry ice). Chemical smpping has been usad
on & huminum in stwsbons whers blasting is not ieasible. Cars
must be exenssed 1D use a3 sTiper that does not attadk the
ahaminum.

Watenstting prowidesanotheropbonfor cleaning ahsminum.
Uszually;, if & profile is desired and an existing profile doss not
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exast, abrasive is addad 1o the water. Becauss sluminum is 2
soift metal, high-snd ultra -highpres sure watens tting can impart
& profile without an abrasive, atthowgh it will appear differenthy
from & profile created wsing sbrasves.,

15.2 STAINLESS STEEL : As with sluminum, care must
betakentoavokd co ntaminating the stainless stesl with carbon
stesl or iron. Hence, commaon stesl shot and gt sre not wsed
o blast stinless stesl. A hard non-metelic sbrashe such as
shuminum ookdeor gamet i3 commaonhused. Becsusestainless
stesl is hard, reducng the blzast pressu e is not necessarny.

The most commaon painting problem assocated with
stainless steel is ladk of adhesion. Some contribute fis to the

protectve oxde flm that forms on e surface. A blast profile
increzses fhe e fis ctive suface ansa topromote chemical bond-
ing. An acid-siching vind butyral wash primer, 85PC-Paint 27,
s sometmes used o promote sdhesion.

15.3 COPPER ALLOY S: Mostcopper, bronzs, or coppsr
slioy substraies come in the form of pipes, valves, pumps,
strainers, heat exchangers, and statwses. As with 2l metalic
surzces, solvent cleaning s e first step in suriace prepara-
tioin. Ususlly, the anly meth odspecified forthesealloys is hand
or power tool sanding using sbrashe cloths, belts, or pads.
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Appendix L: Corrosion Inhibitors’ Data Sheet

TESERSLSAINE
A P Compiey

LAMCHEM™ PE-130 K
Phozphated Mono- and
Diglycerides

LAMCHEM PE-130 K s an
anicnic emulsifier composed
of the sodium salts of a mixiure
of phoesphated mono- and
diglycerides derived from
vegetable oils.

LAMCHEM PE-130 K is manu-
factured o meet the Kosher
requirements designated by
the Crganized Eashrus Labo-
ratories (Circle K).

Chemical Wame:
Phosphated Mono- and
Diglycerides

CAS Number:
LAMICHEM PE-130 K 208539-24-0

Lambent Technologies Corp.

3938 Pomrett Drive
Gumees, IL 0031
Phone: B47-244-3410
B00-432-7 187
Fax: B4T-249-4772

lambent@ambentcorp.com

whanw lambentcorp.com

LAMCHEM [ o iademerk ol Pafolesm ine.

Technical Data Sheet

Produoct Description and Applications

LAMCHEM PE-130 K is used in food products and has properties that
resemble those of lecithin. It does not contain nitrogen dervatives,
and therefore do not exhilit the taste and odor degradation prolo-
lems that are associated with natueally cccuring phospholipids.
LANMCHEM PE-130 K functlions as described below:

Emulsifier and emulsifier salt 170.3[o) (8]
Lulpricant and release agent 170.3[o) (18)
Surface active agent 170.3[0) (27)

LAMCHEM PE-130 K & a waoter-in-oil emubifier and is used oz a wetling
and dispersing agent in cil based systermns. | is stakle over a wide
range of femperatures and imparts meoisture repellancy to products.
Itis an excelent lubricant and is used as a mold release agent in
chocolate covered candies and other confectionaras. it may be
uzsed to reduce the viscosity of chocolate coatings. LAMCHEM PE-
130 K & also used in the formulation of pan release agents for baking
and fat-free frying and may be used fo improve the taste and
texture of fat-free foods.

LAMCHEM PE-130 E may be used in chocolates and chocolate
coatfings (21 CFR 163123, 163,130, 1463.135, 143.140, 163.145], sweet
chocolates and vegetable fat coatings [21 CFR 163.150) and milk
chocolate and vegetable fat coatfings [21 CFR 163.155).

LAMCHEM PE-130 K may be used in soft candies (21 CFR 170.3(n) (38])
and dairy product analogs (21 CFR 170.3(n)(10)] at levels not to
exceed curent goocd manufacturing practices.

LAMCHEM PE-130 K is considered GRAS under 21 CFR 184.1521.

Packaging
Standard sample size is 8 oz

Availaiple in 55 gal. non-returmalle drom, 450 los. (204 kg) net
Availaiple in 5 gal. pail, 44 lbs. (20 kg) net

Storage and Handling

LAMCHEM PE-130 K showid be stored in ciosed, factony sealed contaimer at
tempenratures not exceeding #O0°F [32°C). Product should e used within &
maonths of date of delivery. To ensure that matenal B nomogeneous,
product should e hegted to 40°C and mixed well prior to transfeming out
of the container.

Pliease refer to the Matenal Safety Data Sheet (MSDS) for this product for
instructions on safe and proper handing and disposal.
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LUMULSE™ GML K
Glycerol Ester

Chemical D oo
LUMULSE GML K is glycerol
monococoate prepared by

the esterification of glycerine

and coconut oil.

LUMULSE GML K is manufac-
tured to meet the Kosher
requiremenis designated by
the Orthodeox Union [OU).

Chemical Wame:

Glycerol monococoate
CAS Number:

41789057

Lambent Technologies

3938 Porett Drive
Gumee, IL 40031
Phome: S47-244-3410
BO0-432-7167
Faxc B4T-240-47F2

Iambent@amoentcorp.com

warw lambentoorp.com

LURULSE b o reacerret of Pairolae inc.

Technical Data Sheet

Product Description and Applicatons

LUMULSE GML K is a mulfi-functional, cilsolulble emulsifier vsed in syn-
thetic lvkricants and plastic products. LUMULSE GML K provides lu-
bricity and rust prevention in oils and i an anfi-icing fuel additive. It
may also ke used in texdile lubhcants for synthetic filbers and spin fin-
izhes and as a sohvent and mold release agent.

LUMULSE GML K may e used as an direct food additive as described
in 21 CFR 1841505, used oz a component of adhesives intended for
use in food packaging as descrbed by 21 CFR 175105, andused as a
lwbricant for textiles intended for use in food packaging as described
by 21 CFR 1772800

Specifications
Appearance at 25°C [77°F] Yellow solid
Acid Yalue, mg KOH/gram 7 max
Alpha-Monoglycendes, % 35 min.
Free Glycerine, % 8 max

Typical Properties

Color, Gardner 5

lodine Value, cg lodine/gram 7

HLE an

Rash Peint, COC, °C [°F) 192 (378)
Pour Point, *C [°F) 26 [7%)
Dernsity, lbs./gallon 80

LUMLULSE GML K is scluble in ethyl alcohel, propylene glycol, crganic
solvents, vegetakle and mineral cils. |t is inscluble in water.

Packaging

L=

Standard sample size s 8 oz,
55 gal. non-retumalole drum, 420 lbs. [171 kg) net
5 gal. pail, 40 lps. (18.2 kg] net

Srorage and Handling

LUMULSE GMLE should be stored in closed, factory sealed containers
at temperatures not exceeding F0°F [32°C). Product should be used
within hwo years of date of manufacture.

Flease refer to the Matedal Safety Data Sheet (MEDE) for this product
for instructions on safe and proper handling and disposal.
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