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ABSTRACT

This report was prepared to provide guidelines for the mi)itary design
angineer in developing improved corrosgion control technigues for military
combat and tactical vehicleg. It covera bazic corrosion theory,
principles# of proper design and protective coatings for metals., The
common forms of corrogdion are reviewed and sgpecific approaches to control
of each type are suggested.

DISCLAIMER

The citation of trade names and names of manufacturers in thie reporit is
not to be construed ag official Government endorsement or approval of
commercial products or services referenced herein.
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PREFACE

Unintended destruction or deterioration of a2 material due to reaction
with environment iz defined ag corrogion. Corrogion prevention is
important due to ity impact on cost, safety of operation of equipment, and
conservation of valuable raw materials. It has been estimated that the
direct and indirect total cost of corrogion is #30 -70 billion for the US
and around #8 billion for the defensze szecior. However, there isg a
potential to gave at leazt 35% of thig cost with the application of
exigting knowledge of corrosion prevention and control.

Ag corrosion affects both economy and military preparedness of the
Armed Ferces, awareness and application of Corrosion Prevention and
Control (CPC)} technigues at all stages of design, fabrication, and
maintenance become vitally important.

Thig publication is an updated versgion of a previougly published CPC
design guide, for Tactical Vehicles, published in 1981. Since then, the
knowledge of CPC Techniqueg has developed =substantially. New modern
cembat weapon systemz are being developed at TACOM. It wag therefore
decided to publish a complete new design guide to advance CPC and %o
include coverage for both tactical and combat vehicles. This design guide
document presgents information and techniques primarily intended to improve
the quality through prevention of corrosion. Also added ig a new chapter
titled "Lezsgons Learned” which describes the corrosion problems
experienced in fielded equipment, possgible causes, and reccmmended
solutions.

To accomplish this task, Mr. Alexander R. Kovnat, a Mechanical
Engineer with a Magter of Science Degree in Nuclear Engineering, who was
the author of the previous CPC Design Guide was requested to research the
gtate-of-the-art of CPC and prepare this new Design Guide for Combat and
Tactical Vehicleg. This new publication is the result. It ig meant to be
educational and informative to the reader. 1In preparation of this design
guide the author has searched previocusly published literature on corrogion
from various sources, papers, references and publications. Recognition
and acknowledgements are herewith expressed to all those authors and
publishers., Any opinions expressed within this design guide are those of
the author and do not necesarily represent any official position of the
U.8. Army Tank-Automotive Command. '

This report may not be the last word on corrosion prevention, but
rather a document which is intended to direct attention to a2 complex
problem. The elimination and reduction of failures in Army equipment isg a
cooperative responsibility of Government and Industry. TACOM encourages
recipients of thig publication to review and inform this organization of
any comments, suggestiong and any new techniques or methods on prevention
and control ¢f corrcsion which can be addrezsed in future CPC design guide
publications. Pleage address CPC correapondance to:

Commander, U.S. Army Tank-Automotive Command
Attn: AMSTA-TMC (Pad Cherukuri P.E.)

Warren, MI 48397-5000
Ph: {(313) 574-2832 or AV 786-88323.
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QHAPTER 1
INTRODUCTION

The purpose of this document ie to address the problems of corrosion

in military tactical and combat vehicles,
Corrosion of metals increases maintenance requirements and reduces

the ugeful life of tactical and combat vehicleg. In addition, a corroded
body, frame, or propulgion aystem component ig not conducive to safety,

reliabjlity, appearance or troop morale. Corrosion-related problems are
impoging, in additional cost burdsng to the Army, an estimated 2.0 to 2.5

billion dollars annually.
In 1985, the Commanding General of the Army Material Command (AMC)

igsued a Commander’g Guidance Statement on Corrosion Prevention and
Control (CPC). This statement directed all major subcommands within AMC
to utilize state-of-the-art corrogsion control technology in original
equipment degigns., The stated objective ig to achieve corrogion-free
design by utilizing design practices that address selection of materiale,
coatings, gurface treatments, zyztem geometry, material limitations,
environmental extremes, storage conditions, packaging and preservation
requirements, and rebuild/spare parts requirements.

In accordance with the Commander's Guidance Statement, the Corrosicon
and Materials Branch of Manufacturing Technology and Producibility
Divigion of the RDE Center of the U.S. Army Tank-Automotive Command
{TACOM) has been designated as the TACOM focal point for Corrosion
Prevention and Control. Assigned respongibilities include esgtablishing
CPC programs for Tank-Automotive materiel. The Corrozion and Materials
Branch algo adminigters the training of personnel to develop awareness of
the importance of CPC in TACOM-managed programs.

Because training of TACOM personnel isg an essential part of CPC, the
Corrogion and Materials Branch reviged a report, Design Guidelines for
Prevention of Corrosion in Tactical Vehicleg. That report, originally
written in 1980/1981, has been expanded to include combat as well as
tactical vehicles, and to accomodate technical developments that have
occurred since 18681,

The resulting reviged document igsued here, is intended for use by
indugtrial contractors ag well as project degign groups within TACOM,
Thig design guide can make a contribution to CPC by enhancing awarenesgs of
corrogion and gtrezsing the technology that can be used to reduce its
corrosion costs.

While thig report concentrates on the problem of metal corrosion, the
degigner must keep in mind the possgibility of replacing metals with
polymers and polymer/fiber composites. The various aspects of design with
compogites will be addreseed in a future report.
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o . CHAPTER 2
THEQRY AND BASIC PRINCIPLES OF -CORROSION

2.1 Daefinition, One can stimulate lively debate among studenta in a
corrogion prevention courge simply by asking what the word “corrosion”
meansg.

Many engineers will define corrogfion as any chemical reaction between
a metal gurface and ite surrounding environment. Obviougly, corrogion
cccurg when steel surfaces rust. However, does corrosion occur when
gtainless steely react with atmozpheric oxygen to form a gelf-limiting
gurface oxide layer? Can one gpeak of “corrogion’ when steel is subjected
to. phosphating solutiong to form a layer of phogsphate to derve as a paint
base?

Furthermore, when various alloyg exhibit stress-corrogion cracking,
can one gay that no corrosion occurred becausze very little metallic
substance chemically combined with the gurrounding environment?

Corrogsion will be defined, for the purposes of this document, as
unwanted chemical reaction between a metallic material and its
environment, rasulting in deterioration of strength or other properties
eggential to the performance of a given item or system. In some
ingtances, corrodion can alzo be defined as formation of unwanted reaction
productz which contaminate water, food, or other product®. For example, a
water storage tank is considered to have corroded if the water is rust (or
other corrogion product)-contaminated, even if the tank loses only a
little of it® inner surface. Also, corroded item# can be unsightly (an
"eyegore’), even if enough metal is provided in its design toc allow for
corrogsion during a specified timeframe.

The broader term material deterioration ig uged to desgcribe phenomena
whereby materials in general (i.e., rubber, plastics, wood) suffer loss of
integrity, or contaminate other materials, because of environmental
influences such as uliraviolet radiation, or pregence of substances with
which the material in question ig not compatible. For example, polyvinyl
chloride (PVC) can decompese when subjected to high temperature. Not only
doeg the PVC lose itz strength or insulating propertieg, but also, it
generates vapors which can corrode metal componenta in the system in which
the PYC wag used. Ultraviolet radiation degrades polymers by breaking the
molecular chaing which are the esgence of thesSe materials. Ozone, present
in the atmosphere at concentrations lesg than ! part per million, causes
embrittlement of rubber tires. Microorganiems cause materials such as
wood or canvag o ro%; and can also promote metal corrosgion.

2.2 Fundamentals of Electrochemigtry.

2.2.1 General Concepts. Corrogion ia nature’s way of returning metals
and alloyg t¢ their natural state, i.e., oxides or other chemical
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compounds. Except for very few metals, most notably gold, a metal in
uncombined form is unnatural if oxygen ie around. Iron, for example,
"wants® to be an oxide. This can happen in one of two wayg: it can
combine with oxygen directly, or indirectly via electrochemical procesges#
involving oxygen and an electrolyte, which will be discussed in subzequant
paragraphg, The former process is mostly a high temperature (1000F or
thereabouts) phenomena, while the latter can otcur at normal environmental
temperature.

Corrogion of motor vehicles and other metal structures of interest to
the armed forces ig egsentially electrochemical, with four bagic elements
needed for the process to take place: 1) an anode, 2) a cathode, 3) an
elactrically conductive medium or electrolyte, and 4) an electrical
connection between the anode and cathode other than the electrolyte.

Congider an eleciric battery (see Figure 1) congisting of a strip of
zinc, a strip of copper, and a medium such as hydrochloric acid, sulfuric
acid, or even a solution of common galt (sodium chloride). Note that the
atrips are not touching one another. If we connect a voltmeter to the
strips, as shown in the figure, we measure an electrical potential or
voltage. The zinc strip assumez a negative potential relative to the

copper strip.
@ |~ VOLTMETER

ELECTROLYTE

——r™
L
——

ZINC COPPER

Fig. 1. APPARATUS FOR DEMONSTRATING THE
EXISTENCE OF CORROSION POTENTIAL

If the zinc ig very pure (i.e., very litile impurities which would
cauge local effect2) and if the voltmeter drawg very little current, no
chemical reactions will occur. 1f any reactions do occur, they do 2o very
glowly. Nonetheless, the electrical potential is still there, and can be
meagsured by the voltmeter.

What thiz potential or voltage means, is that the zinc has a tendency
to form ions, i.e.,

2n ~=-- Zn** + 2 electrons,

* Direct oxidation ig theorized to be electrochemical, involving
diffusion of oxygen ions through metal oxide films.
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and to push the electrons through the voltmeter to the copper strip.
Since the two electirons have to be accounted for in one way or another,
the zinc does not form ions at any significant rate unless current can
freely flow from the zinc to the copper via an external circuit.

If the zinc and copper are connected (Figure 2), chemical reactions
start happening. The zinc givedg up two electrons per atom to form ions,
which pags into the medium. The free electrons travel via the external
circuit to the copper gtrip, where they re-enter the conductive medium in
one or more reactiong whose nature depends on the electrolyte involved.

VARTABLE RESISTANCE
AMMETER

VULTMETER

Fig. 2. AS ABOVE, WITH ADDITIOK OF VARIABLE
RESISTANCE AND AMMETER

In an acidic medium, hydrogen ion# are present due to the tendency of
acidic substances to digassociate when dissolved in water. Sulfuriec acid
in golution digassociates into hydrogen and sulfate ions, as follows:

HaS04 ~-=-> Z2H" + S0."".

Likewise, hydrogen chloride, normally a gas, forme hydrogen and chleride
iong in aqueous sclution, while nitric acid forms hydrogen and nitrate
iong, and 2imilar reactiong occur for other acids.

. When the aelectrong from the zinc electrode reach the copper electrode
in an acid medium, they combine with the hydrogen ions to form gaseous
hydrogen:

Ze + 2H® ----) Ha

The zulfate (chloride, nitrate, etc.) iong remain in the aqueous
solution, go that instead of pure z2inc and hydrogen sulfate (chloride,
nitrate, etc.), we now have hydrogen gas and zinc sulfate (chloride,
nitrate, etc.}.

In non-acid (neutral, or alkaline) media, the electrons turned locse
by the zinc are consumed in other reactiens, such asa:

2e + 1/2 D2 + HaQ ----> 20H~ or 2& + 2H20 ----> Hz + 20H”
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The OH, or hydroxyl, ions can combine with ions of zinc or other metal to

form hydroxide, which may in turn break down tc form hydrated oxides. The
rugting of iron or steel ig an example of indirect oxidation via formation
of iong, reduction of oxygen to form COH iong, formation of hydroxide, and

gubgequent decomposition of the hydroxide to metal oxide and water,

In the example digcussed above--zinc, copper, a suitable medium, and a
phygical connection between the metals--one can see the four basgic
elements that must be present for corrogion to take place. The anode is
the metal, or area thereof, that corrodes. The cathode is a surface with
legser tendency to corrode, which therefore takes up electrons from the
anode and completes the corrosion reaction. The electrolyte iz a liquid,
almogt always an aqueous zolution, which provides an ionic conduction
path. The phygical connection between anode and cathode {the fourth
element) provides an electronic conduction path. In the above example,
zinc sulfate (or other compound) is the corrosion product.

2.2.2 Corrogion rate, driving potential. .In Figure 2, a voltmeter and
ammeter are shown. If the variable regigtance is set to infinity, (i.e.,
open ¢ircuit) a voltage will be displayed on the voltmeter. Thig voltage
is a measure of the inherent driving force behind the overall reaction

Zn + 2H* ---<> Zn** + Ha or 2n + 1/2 03 + Hz0 ----)> Zn(0H) 2

in the given media. The higher the voltage, the more the electrochemical
reaction "wanta® to take place. The driving potential ig linearly related
to the difference in Gibbs free energy between initial and final products
of the corrozion reaction. This, in turn, ig the measure of the
thermodynamic tendency of any chemical reaction to proceed. If delta G (G
final - G initial) is legs than zerc, the chemical reaction will have a
thermodynamic tendency to gpontaneously go forward.

If a current flows, the voltage meagsured by the voltmeter will be leszs
than the open-circuit voltage, and hence ig not, a2t thig point, an
indication of the inherent driving force behind the reaction. The current
meagurad by the ammeter ig, however, an accurate measure (neglecting local
effects at the anode) of the rate at which the anode ig corroding, Each
atom of zine, for example, can only deliver two elactrons. Hence current
flow, measured in unitg of current per unit of anode area, is linearly
related to corrogion rate in units of mass (or, volume) per unit area per
unit time. For example, zinc {density 7.14 graw/cc., atomic weight
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65.38), when subjected to a corrogion current of 1 microampere per square
centimeter, corrodes at this rate: -

A
SRl

1 gram-equiv.

10-® coulomb™ x 'of electrons x 1 fram equiv. Zn

sec-cm® 96,489 coulombs 2 gram equiv. electrons
65.38 gram x cm’ x 3600 gec - 0.171 x 10=® em/hr.
gm-aquiv. 2n 7.14 gram hr »
2.2.3 Standard Electromotive Serieg. Each metallic element (pure iron,

pure zinc, pure copper, etc.) has an inherent thermodynamic tendency to
form iong when immerded in an aqueous medium. Defining and measuring
thia tendency, however, needs some explanation. Firgt, neither anodiec nor
cathodic reactions can occur indeperdently. Accordingly, the tendency of
a metal to form ions can only be defined and measured relative to a
gtandard cathode reaction. Furthermore, the behavior of a metal in
contact with an aqueous solution varies with the concentration of its ions
already in the golution.

Electrochemists define the standard potential of a pure metal by
measuring ite voltage relative to a hydrogen elecirode, with the metal in
contact with a golution of ite iong at unit activity (1 gram-mole per
liter, with an allowance for a correction factor called the activity
coefficient). If unit activity cannot be achieved, a correction factor
can be applied to whatever concentration that can be achieved. The
hydrogen elacirode ig likewige gurrounded by a solution with a unit
activity of hydrogeh ‘iocns, with -hydrogen gag at 1 standard atmosphere
feeding the electrode. A suitable icnic bridge separateg the two
aforementioned golutions while providing ionic conduction, 8so that an
electrical potential difference can exist and be measured. The
temperature i maintained at 25C.

Under these conditionzs, the reaction

M-—---> M* + n electrons

will have an electrical potential relative to the hydrogen electrode
reaction

Hz ----> 2H* + 2 electirons.

The potential of the hydrogen electrode i2 arbitrarily defined az zero
volts. Accordingly, gince zin¢, under standard conditions, measures
-0.763 volts relative to the standard hydrogen electrode, its standard
potential ig stated az -0.763 volts.

# 1 coulomb = quantity of charge equivalent to 1 ampere for ] gecond
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A word about sign convention ig in order here. Electricity is somewhat
like a hydraulic fluid, with voltage being equivalent to pregsure and
current equivalent to flow rate. Since the basic carrier of
electricity--the electron--ig negatively charged by definition, the
negative terminal of a battery or D.C. genorator i2 the terminal where the
electrong are under “positive pressure’. In a corrogion cell, the
electrong are under positive pressure at the anodic, or corroding metal,
while at the cathodic metal they are under "suction”, even though the
former i8 labeled "-° and the latter, °“+°.

Under the mame conditions, iron has a standard potential of -0.440
volts. Magnegium has the highest standard potential of all structural
metals, -2.37 volés. 1In all instances where the standard potential is
negative, the metal tends to go from the pure state to iona in golution,
while at the hydrogen electrode, the hydrogen ionz tend to absord
electrons and become hydrogen gas.

Noble metals, such ag gold, do not form ions in non-oxidizing
environments. If the standard potential of gold is measured, we find that
the bydrogen would be the “corroding’ electrode, while the gold would
actually deionize, i.e.,

Au*** 3 electrong ----> Au

The hydrogen would have a thermodynamic tendency to form H* ions,
and the electrons thus detached would be under 1.50 volts °pressure’
relative to the gold electrode. Accordingly, with the sign convention
degcribed above, the gtandard electrode potential for gold is +1.50 volts.

The electromotive force series (see Table 1) is a relative ranking of
the tendency to form ions under gtandard conditions. Hence if one were to
prepare the getup in Figure 3, the iron (standard potential -0.440 volts)
will have a tendency to corrode, while the copper {gtd. pot. +0.337 volts)
will deionize. The overall reaction would be

Fe + Cu** ----) Fe** + Cu.

HIGH, BUT FINITE
RESISTANCE “\ PORGUS TONIC BRIDGE

ELECTRON FLOW

Cu

Fe—\—

UNIT ACTIVITY Fe++ \"‘UNIT ACTIVITY Cu++

Fig. 3. /PPARATUS FOR DENONSTRATING DIFFERENCE IN STANDARD
POTENTIAL BETWEEN IRON (Fe) AL COPPER (Cu)
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ELECTRON FLOW

Zn++

_{

UNIT ACTIVITY Fe++ UNIT ACTIVITY zpt+

NN

Fig. 4. AS ABOVE, EXCEPT FOR (2n) IN PLACE OF COPPER (Cu)

On the other hand, the iron electrods in Figure 4 (again, =0.440 volte
gtd. pot.) will be protected while the zinc electrode (std. pot. -.763
volts) will corrode. This ig, in fact, what happeng in the real world
when mild steel ig galvanically protected by zinc coatings. In the case
of copper and iron, it likewige zo happens that copper in contact with
steel in sea water regults in accelerated corrogion of the steel.

TABLE 1
Mg ----> Mg++ + 2e- ~2.370 volts
Al =--«) Al+++ + Je- -1.6680 v
Zn ===~} Zn++ +  Ze- -0.763 v
Fe =-=-> Fet+ + 2e- -0.440 v
Ni ~=~-> Ni++ + 2e- -0.250 v
Sn ----) Sn++ + 2e- -0.136 v
Pb ----> Pb++ + 2e- -0.126 v
H2 ----> 2H+ + 2e- 0.000 v
Cu -==-> Cu++ + 2e- +0.337 v
Hg ~=-=> Hgt++ +  2a- +0.854 v
Pt ----) Pt++ + Ze- +1.200 v
Au ----> Aut++ + Je- +1.500 v
2.2.4 Galvanic Series, The standard electromotive series must not,

however, be used ad a degign guide, because it does not reflect real world
conditiong. In actual engineering gituations, metalg are not gurrounded
by unit activities of their ions. Engineers dealing with corrosgion
gituationsd involving coupling of dissimilar metals would be better to
congult a galvanic gerieg, which ranks various metals and alloys when
coupled to a standard eléctrode in gea water, or saltwater of a given
concentration, and with given flow ve1001ty A galvanic gerieg for gea
water is given in Table 2,
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TABLE 2. GALVANIC SERIES OF SOME COMMERCIAL HETALS
AD ALLOYS TN SEAWATER

—_—

Platinum

Gold
Noble or Graphite
cathodic Titanfum

Stiver

Chorivet 3 {62 Ni, 13 Cr, 18 Mo}

Hastelloy C (62 i, 7 Cr, 15 Mo)

18-8 Mo stainless steel {passive)

18-8 stainless steel {passive)

Chromium Stainless steel 11-30% Cr (passive)

[lncmi tpassive) {60 Ni, 13 Cr, 7 Fe)
Nickel {passive)

S$ilver solder

Mone) {70 N4, 30 Cu)
Cuproaickels {60-50 Cu, 40-10 Ni)
Bronzes {Cu-Sn)

Copper
Brasses (Cu-In)

Chlorimet 2 (66 Ki, 32 Mo, 1 Fe)
Hastelloy 8 (60 Xi, 30 Mo, 6 Fe, | Ma)

[lncene! {active)
Nickel {active)

Tin
Lead
Lead-tin solders -

16-8 Mo stafaless steel {active)
18-8 stainless steel {active)

Kt-Resist (high M1 cast irom)
Chromfum stainless steel, 133 Cr {active)

Cast iron
Steet or fron

2024 aluminum {4.5 Cu, 1,5 Hg, 0.6 Ma)

Active or Cadmivs
anodic g:-ereully pure aluminim moo)
nc
Mgnesium and sagnesium alloys

2.2.5 Polarization and Corrosion Potential. When a corrodion situation
guch ag Figure 1 is get up, the corrogion rate at the anode {in maszs or
volume per unit area per unit time) ig directly proportional to current
dengity at the anode. The current flow, in turn, is limited by the
regigtances of the electronic conduction path, the solution, the
interfaces between golution and anode, and golution and cathode. In an
engineering corrogion gituation, one must congervatively agsume that the
electreonic and ionic conduction paths offer negligible registance to
current flow. The only phenomena holding back the current iz polarization
. at the anode, the cathode, or both. At the anode, ions of dissgolved metal
can act as ‘a sheath, partially blocking further diggsolution. Layers of
corrogion products can also hinder further digsolution. At the cathode,
electrong can only be disposed of ag fast as the kinetic2 of hydrogen
reduction and discharge, or oxygen diffugion and reduction, will allow.
Refer to Figurea 5 and 6. The electrochemical potential of both anode
and cathode are measured relative to a reference electrode, such ag the
mercury/mercurous chloride reaction. At infinite external registance (no
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current flow), the anode will possess one characteristic potential Es.,
and the cathode will likewige posgsess a characteristic potential, Ee..
The difference between Eus. and Eco is the characteristic driving force
behind the corrogion reaction. When current iz drawn,. the potential of
the anode E, "becomes "lesg negative {or more pomitive) due to anode
polarization. The cathode potential E. becomes less pogitive (or more
negative) due to cathode polarization. '

" AMMETER -
o @ ‘:.--ssusrnvs VOLTMETER

Ecelt ‘

ENSITIVE |
E — l-——-'-g
e E%f;"i!ﬁff @

Standard .:Ea.ecmm.v'rx

Reference
e

ZI'I—-...,.__. —— -1

"]

Fig. 3. APPARATUS FOR MEASURING POLARIZATION

POTENTIAL w/ respect
to reference electrode

F‘ct»
cell E
at open ¢ at arbitrary |
circuic
Ecary
£, ac grbicrary I
Ve |
Euo
. . . Current{})
I, arbitrary 1, corr

; - . ¥ Fig. §. POLARIZATION CURVES.

10
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At zero gxtarnal resistancq (ahort4cireuit). eurrent flow is limited‘
entirely by polarization neglect:ng .electrolyte registance. -The anode
and cathode will now have the same potential Ecorr relative to the
gtandard electrode Thig. ;s the corrosion potential of thig particular
system. The corrogion current, lser= Normalized to-anode area, is
linearly related to corrosion rate, ag explained earlier.

2.2.6 Anode/Cathode Polarization, and Relative Area Effect. If the
potential of the anode E. changes greatly as current increases while
cathode potential E- changeés very little, the corrosion current at
ghort-circuit will be limited by anode polarization (geae Fig 7a). The
corrogion process iz then gaid to be under anode control. Likewige, if
the cathode polarizesg readily while the anode doez not, the corrosion
process ig said to be under cathode control.

POTENTIAL ve STANDARD ELECTRODE

-

CURRENT DENSITY

- P T S e wsy e G dEn S WRe S ——

corr

Fig. 7a. CORROSTON UNDER ANODE CONTROL

-

Fig. 7b. CORROSION "UNDER CATHUDE CONTROL

The preceeding paragraphs azsumed equal anode and cathode areas. If
the areas are not equal, the current densities at anode and cathode will
be unequal. However, the total current will be the same at both anode and
cathode, because every electron transferred in an anodic reaction musgt be
accounted for in a cathedic reaction.

i1
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In engineering corrogion situationa involving dissimilar metals, the
relative areas of anode and cathode are important in determining the
corrogion rate at the anode. If the cathode area is much less than that
of the anode, any given corrosion current results in a much higher current
dengity a2t the former than at the lattar. If cathode polarization ig an
important factor (it usually is, because of the kineticg of the oxygen
reduction reaction 1/2 0z + HaQ + 2 electrons ----> 20H7), total
corrogion current will be limited to a low value bescause, at that value,
the cathode current density is as great as the kineticg of cathode
reactions will allow., In addifion, the low total corrosion current is
distributed over a large anode, resulting in a low rate of corrogion in
termg of metal losgs per unit area. With a large cathode and small anode,
cathode polarization ig less pronounced, because for any given total
current the cathode current dengity iz low. &nd even a low total
corrcgion current will result in a high corrosion rate in metal lost per
unit area per unit time, becauge there is lesg anocde area over which to
distribute the losg. Thig is why large cathode/anode area ratios should
be avoided in engineering desgign. .

2.3 Thermodynamicg vg Kineticg. The diagrams shown in Figures 6 and 7,
known a3 Evan® diagrams, can als#o be uded to illugtrate the distinction
between thermedynamics and kinetics. Figure 8a is an Evang diagram of a
corrosion situation where there ig a gtrong thermodynamic driving force,
as repregented by the large difference between anode and cathode
potentials. Fig. 8b illustrates a small driving potential. Note that in
Fig. Ba the corrosion rate is low because of pronounced polarization
effecta. The reaction in Ba iz favored thermodynamically but not
kinetically. 1In 8b the reaction does not have a powerful thermodynanic
driving force, but proceeds more rapidly because there is little
polarization. Thig means that rate-limiting kinetic factorz are not
gtrongly manifested in Fig. 8b. In Fig. Ba, kinetics constitutes the
dominant factor. Figures Ba and 8b illustrate how kinetics can override
thermodynamicg in determining corrosion rates.

i)

LARGE DRIVING
' 4 POTENTIAL

’-—..—.—.——
|

Icorr

Fig. 8a.

12
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SMALL DRIVING
POTENTIAL

Icorr

Fig. 8b.

Fig. 8. EVANS DIAGRAMS SHOWING HO& KINETICS CAN OVERRIDE
THERMODYNAMICS IN DETERMINING CORROSION RATE

2.4 Real-World Corrosion Effects. Corrogion caused by diggimilar
metalg in contact with one another iz an important problem in real-world
engineering design. However, a bimetallic couple need not be pregent to
set up an electrochemical cell. If a strip of mild steel is placed in an
acid solution, different regions on the metal surface will become anodic
and cathodio, shifting from time to time, becauze of non-uniformities in
the gteel’s microstructure. Particles (i.e., carbon) can act ag cathodes,
getting up small electrochemical cells. Exposing a metal gurface to an
electrolyte where the concentration of metal ionas varies from one location
to another, will set up an electrochemical differential concentration cell
(often referred to simply as a concentration cell). In metal structures
with joints, crevicesg can be formed by overlapping surfaces at welds, or
at bolted or riveted joints, Metal within crevices can become anodic due
to differential aeration effects, resulting in localized corrosion. When
2 metal ig expoged %o an electrolyte, any phenomenon that createg an
electrochemical potential difference betwsen one location and another will
cauge the anodic area to corrode.

2.5 Forms of Corrocsgion. Corrogion manifests itzelf in a variety of
forms. It can cause uniform wastage of metal, or it can manifest{ itself
ag intenze metal dissolution over a small area. A gsummary of the forms of
corrogion encountered by the degign engineer is given ag follows.

2.5.1 Uniform corrosgion. Thi=s happens when a metal surface, upon
exposure to the atmosphere or an electrolyte, forms minute anodic and
cathodic regions which shift about as corrosion progresseg. Rusting of
iron or gteel is the modt familiar example.

13
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2.5.2 Pitting, Pitting iw a localized phenomena where small areas
corrode preferentially, forming cavities (pitg) in a metal msurface. This
type of corrogion occurs when metals that form paseive oxide layers (i.e.,
stainlegs steels) are éxposed to environments containing certain ions,
notably chloride. The corrosive ions penetrate weak points in the
normally protective oxide layer, creating localized corrosion cells. The
localized corrosion #ite, or pit, is the anode, while surrounding
uncorroded metal is the cathode. Pitting i2 a very destructive form of
corrogion, becaude the pite tend to rapidly become deeper until
perforation of a component (i.e., tubing) occurs.

2.%.3 Crevice Corrosion. Thig occurs in locations such as joints or
recegses (see Figure 9). One mechanism accounting for crevice corrosion
ig differential aeration, where metal within the crevice ig subjected to
less oxygen than the surrounding metal. The greater availability of
oxygen outgide the crevice gets up an electrochemical cell, with the
cravice ag the anode. Once metal dissolution beging, the corrosion
process becomes autocatalytic (ag in pititing), resulting in intenge
localized corrogion.

o) 1| 9 s

Fig. 9. CREVICE CORROSION

2.5.4 Poultice corrosgion. This occurz when deposits of mud or other
debris hold stagnant moisture in contact with a metal surface. As with
crevices, differential aeration gets up an electrochemical cell which
initiates corrogion in oxygen-starved locations. 1In addition, guch
depogits abgorb moigture from the atmogphere. They algo tend to prolong
the presence of moisture which would otherwige drain away or evaporate.
Thig invariably increases corrogion difficulties.

2.5.5 Galvanic Corrogion. All formg of corrosion are "galvanic”,
because differences in electrochemical potential between anodic and
cathodic metals, or regiong of the same metal, drive the process forward.
When engineers speak of galvanic corrosion, they are referring to
corrogion of one metal brought about by (or accelerated by) electrical
contact with a different metal, which acts as a cathode when both metals
are gubjected to an electrolyte.

14
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Galvanic corrogion of a sacrificial metal can be used to forestall
corrogion of a metal one wantg ‘to protect. Steel storage tanks located
underground in conductive soil can be protected by placing sacrificial
anodes of zinc or magnesium in proximity to the tank, with an electrical
connection betwesen them. 2Zinc coatings on steel are beneficial because
the former corrodeg sacrificially, protecting the latter at pores,
scratches or other discontinuities in the coating.

2.5.6 Btress-Corrogion Cracking. {SCC) can happen when a metal or
alloy, gugceptible to a given corrosive agent, iz exposed to that

gubstance while gimultaneously under tensile stress. Braas cartridge
cases were at one time susceptible to “zeason cracking”™ during ithe monsoon
ggason in India, due to presence of ammonia in the local atmosphere. SCC
affects a number of alloys including stainless steels, and alloys of
aluminum, magnesium, and titanium. A related phenomena, hydrogen
embrittlement, ig a problem with high stirengih steels.

Plagtics can suffer stresg-corrosion ¢racking. Some polymeric
materials (i.e., polycarbonates) will "“craze’, or develop a pattern of
surface cracks, when exposed to certain chemicals.

2.5.7 Intergranular Corrosion. This is preferential corrosive attack
along grain boundarieg, ariging from electrochemical potential differences
between graings and grain boundary precipitatez. Intergranular corrcsion
is a problem with ausdtenitic stainless steels subjected to improper heat
treatment, unintentionally, during welding. Chromium carbide precipitates
form at grain boundaries, leaving adjacent grainsg depleted in chromium and
hence vulnerable to corrogion.

2.5.8 Exfoliation, or layer corrosion, is a problem with high strength
aluminum alloyg. It occurs when a vulnerable alloy ig rolled so ag to
form an elongated grain structure. Upon exposure to an electrolyte,
corrogive attack proceeds along subaurface paths parallel to the gsurface.
The corrogion products occupy a larger volume than the alloy itself, and
therefore delaminate layera of uncorroded metal.

2.5.9 Dealloying, or Parting Corrosion. In certain alloys, a corrogive

medium may selectively dissolve one or more alloying elements without
digsolving the whole alloy. A familiar example is dezincification ef
brags. Cast iron is susceptible to a form of dealloying corrosion whereby
the corrogive medium leaches away the metallic portion of the cast iron
structure, leaving behind a porous mags of carbon.

2.5.10 Fretting Corrosgion, This occurs when two surfaces, at least one
of which i2 metal, are in contact with relative movement between them, in
the presence of a corrosive medium. The result is pitting, or
stregs-corrogion induced crackg. One mechanism involved in fretting
corrogsion may be wearing away of protective filme, leading to the damage
degcribed above.

15
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2.5.11 Corrosion Fatigue. This iz a premature failure caused by
repeated stress eyecling in a corrosive environment.

Ordinary fatigue ig characterized by loss in atrength of a test
specimen as a rezult of dtress cycling a given number of timeg. The
fatigue characteristics of a given material can be expressed in graphical
form by plotting gtrength remaining as a function of the number of test
cycles. (see Figure 10). When a corrosive agent ig present, the
remaining strength after a given number of cycles will be lesg than the
correaponding strength when no corrosive agents are present.

FATIGUE WITHOUT CORROSION

nmx=n

ENDURANCE
LIMIT

FATIGUE WITH CORROSION

o

NUMBER COF CYCLES

Fig. 10. CORROSION-FATIGUE

2.5.12 lmpingement, or Erosion, Corrogion. This occurs when a
corrogive fluid stream impinges on a metal surface, resulting in localized

erogion. Thig type of corrosion is encountered mainly in fluid systems
duch a8 heat exchangers.

16
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CHAPTER 3
BREAKING THE CORROSION CYCLE

3.1 The Theoretical View. Corrogion of metals (other than high
temperature oxidation) involves four bagic elements: anode, cathode,
electrolyte, conduction path. The electrochemical potential difference
necegsary to create an anode and cathode may be due to dissimilar metals,
multiple phaseg within an alloy’s microztructure, surface defects® or
contaminants, or design details such a2 crevices. Knowing the fundamental
cauges and forme2 of corrogion, one can move on to the gtudy of methods of
breaking the corragion cycle.

Looking at corrozion from the theoretical viewpoint, one can interrupt
the corrogion processg at one or more of the four bagic elements, ag
follows. o

3.1.1 The Anode. One can inhibit the overall corrosion reaction by
interfering with the anodic reaction

M-——~<>M" + n electrons._

This can be accomplished by coating the anode with a physical barrier
{i.e., gold plating on electrical contactg), or by using a corrosion
inhibitor which attaches itself to anodic gites in a metal/electrolyte
interface.

3.1.2 The Cathode. Excepting high temperature oxidation, corrogion
cannot occur without cathodic reactions. One can interfere with cathodic
reactions with one or more of these approaches.

" Eliminate the cathode. This means avoiding the presence of metalsg or
other materials (i.e., graphite in lubricant=s) that are cathodic with
ragpect to the metal to be protegted. Impurities in various alloy systems
(i.e., copper, iron, or nickel in magnesium alloys) can form local
cathodes. When uging materials that are sengitive in this regard, quality
control gtandards must be maintained.

Reduce the cathode/anode area ratio. 1If the cathode is reduced in
area relative to the ancde, the rate of cathodic reactions will be
reduced. The overall corrogion cycle will likewise be diminished, becausge
the rateg of electron transfer at anode and cathode must be equal.

Coat the cathode. If a separate cathode (i.e., the more "noble’ metal
in a bimetallic couple) ig coated, cathodic reactions cannot occur. One
could uge a physical barrier, such ag an organic coating, or (for bolts,
rivetd, etc.) plating with a metal more compatible (lessz cathodic) with
the structure to be protected.

In 2ome closed systems involving a liquid, inhibitors can be used to
reduce the rate of cathodic reactions. An example ig inhibitors used in
acid pickling baths, 20 that the acid disfolveg oxide layers while the
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bage metal i# protected. Such inhibitors work by inhibiting the hydrogen
discharge reaction at local cathodic sites.

3.1.3 The Electrolyte. An electrolyte ig necesgsary for virtually all
corrogion ©of engineering importance. Accordingly, one can reduce
corrogion of metal structures by eliminating the electrolyte, or rendering
it lesgg harmful. The engineer can design an ariicle or gystem #c ag to
eliminate "gump’ areas where moisture could accumulate, or provide drain
holes at the lowest points of =zuch areas.

3.1.4 The Conduction Path. In any electric battery, the metal 'fuel’
does not “burn” (corrode) when no current is drawn. Or, if it doeg, it
does so very slowly. The reagson? When a radio, flaghlight, et cetera, isg
not turned on, there ia no electronic conduction path between the
battery’'s anode and cathode. The functioning of any battery is simply
galvanic corrosgion, deliberately induced in.a controlled manner to harness
the energy released when a metal, such ag zinc, goes from the pure ztate
to a chemical compecund.

In design gituations where dissimilar metals are in proximity in the
pregence of an electrolyte, one can prevent an unwanted short-circuited
"battery’ by not having physical contact which would provide an electrical
connection between the anode and cathode. When joining disgimilar metals,
the joint should provide for adequate transmission of mechanical forces.
but not electrons. The designer can achieve this by specifying insulating
gleeves, washers, gaskets, and so forth, to break the electrical short
circuit that would otherwise exist.

3.1.8 Alternate Approaches. There are approaches to reducing corrosgion
that are not covered by the above categories. Zine coatings on steel, or
gacrificial anodes to protect steel structures underground (or underwater)
are examples of uging the forces of electrochemistry to work in one's
favor. A variation of this approach ig rendering a structure artificially
cathodic by impresgsing an electrical potential between it an an inert
anode, using an external power source. In fact, metals that “pasgivate”
{(form protective oxide layers) can be protected in some electrolytes by
rendaring them artificially Anodic!

3.2 Design Engineer’s View. Real-world corrosion situations do not
involve a physically deparate anode and cathode, except for those
invelving diggimilar metals. Accordingly, approached to fighting
corrogion from the engineer's viewpoint {as opposed to the theoretical
viewpoint) should also be examined. These approachesg are as follows:

Salect the right material for the job.
Apply protective coatings.

Use proper degign techniques.

. Modify the environment.

o G
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3.2.1 Material Selection. The firet approach meana avoiding, if
possible, materials that are unsuitable for the operating environment. An
example i# aluminum alloys for aircraft. At one time, aircraft engineers
used alloyd such as T075-T76 extenzively, because of their superior
gstrength., However, 7075-T6 ig very vulnerable te corrosgion, compared to
the same allcy with a modified heat treatment, i.e., 7075-T73.

When uging multiple materials, the engineer must consider
compatibility. Combinations of materials which are vulnerable to
deterioration of one of the materials should be avoided if one can usge
acceptable alternative combinations. As an example of compatibility, many
aluminum alloys are acceptable in typical atmosgphereg. Copper alloys,
such ag bronze or brasg, also resist atmogpheric corrosion. However, the
combination of aluminum in contact with copper (or its alloya)} is
vulnerable to corrogion of the aluminum, becauge of galvanic effects.

3.2.2 Protective Coatings. Closely related to the above approach is
application of protective coatingsg to isolate a vulnerable material from
corrogive agents., It would be uneconomical to uge gZtainless steel for the
bodies and frameg of tactical trucks. Hence plain carbon or low-alloy
steels, adequately protected with zinc and organic coatings, are the best
remaining choice right now. Aluminum alloys, plagticg, and compogites
deserve congideration for new designs. (See Chapter 9 for aluminum desgign
congiderations.)

3.2.3 Design Techniques. Students of corrosion and degign engineers
would agree that getting rid of electrolytes iz one way to interrupt the
corrogion process. Many of the design principles recommended in SAE
literature and articles are based on the fact that, if no electrolyte is
present, there will be no corrosion. Eliminating sump areas or providing
drain holes can reduce corrogsion problems, though it is difficult to
eliminate moisture completely.*

Other aspects of proper design include avoiding crevices when
posgible, and avoiding degign features that make it difficult for
protective coatings to function. Crevices not only create corrosgion
cells, but also trap liquid corrgsives. OSharp corners are difficult to
coat evenly, and are therefore more vulnerable to corrosion than =mooth,
evenly coated surfaces.

Examples of proper design will be discudsed further in subsequent
parte of this report.

3.2.4 Modification of the Environment is not possible for parts of
military vehicles and other equipment expoged to the elements. It is
possible, however, to modify the environment in engine cooling,
lubrication, and fuel systems. Good antifreezes contain corrogion

* Ag far a2 the motor vehicle design engineer ig concerned,
‘electrolyte” and “moisture® can be congidered synonymous.
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inhibitors, and lubricants can also be properly formulated for a given
application. Fuelg can be a problem, bacause of moigture, pulfur, and
microorganisme, Additives are one way to address fuel system problems.
Hydraulic and compressed air systeme can suffer internal corrosion
problemds. Proper brake fluid specification (i.e., silicone fluids) is
another example of corrodion prevention by modifying the environment.

3.3 Specific Degign Approaches: Tailoring the Solution to Fit{ the
Problem. If a design engineer knows what form of corrosion to expect
with a given component, corrective meagsures can then be tailored to the
problem. For example, pitting, intergranular corrogion, and
stress-corrogion cracking (SCC) are known to be problems with stainless
steels. Exfoliation and SCC are known to occur with aluminum alloye.

Methods of dealing with specific forms of corrogdion are outlined
below.

3.3.1 Pitting. This is normally a problem with “passive” alloys (i.e.,
stainless steels) in chloride-containing media. The designer can reduce
pitting via thege approachesd:

o Suitable Alloying. Stainless steels modified with additions of
molybdenum are less susceptible to pitiing than non-molybdenum-
bearing stainless steels. Thig is why type 318 stainlegs steel
(18% chromium, 10% nickel, 2% molybdenum) is more resistant to
pitting than type 304 (also 18% Chromium, 10% nickel, but no
molybdenum.)

o Protective Coating. A suitable coating will isgolate metal
gsurfaces from pitting agents.

o Modification of the operating environment. In cloged systems,
inhibitorg can reduce pitting by maintaining the passivity of a
metal surface. Another modification that may be possible in closged
gygtemd ig reducing the concentration of substanceg that promote
pitting, i.e., the chloride ion.

3.3.2 Crevice and Poultice Corrosion. Crevices should be avoided when
possible. Welded jointg are preferable to bolted or riveted joints, and
butt-type weldsz are preferable to overlapping welds if the latter are not
necesgary for struyctural gtrength. When crevices are unavoidable, metal
gurfaces in or near a crevice should be protected by organic coatings and
suitable caulking compounda. BRustproofing compounds, with their ability
to penetrate into crevices, are helpful. 50 are electrophoretic (E-Coat)
primers, which can get into crevices better than conventional organic
coatings.

Creviceg can be created in welds with incomplete penetration (gee
Figure 11). Also, intermittent welds (see Figure 12) may conserve weld
metal, but they also create sites for crevice attack. The design engineer
should dpecify continuous weld seame so ag to eliminate such sited.

When usging bolta to fasten a bracket to a frame, the bracket and frame
should each be cleaned, and subjected to the specified organic finishing
gcheme, prior to asgembly. This way, unfinished (and unprotected!) metal
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will not be in a hard-to-reach crevice. In addition to the organic
finishing scheme, the designer should also use a sealing compound between
the surfaces being joined for additional protection.

OREVICE—""" |

NN

Fig. 11. CREVICES IN WELDS WITH INCOMPLETE PENETRATION

Fig. 12. CREVICE POSSIBILITY WITH INTERMITTENT WELDS

If a body or structure i2 to be welded, it is not possible to paint
before aszembly. Each piece should be cleaned in the area of the weld,
and the degigner should specify a continuous weld all around. After all
welding is completed but before anything elge is bolted on, the assembly
should then be cleaned and painted.

Poultice corrogion can occur when abgorbent materials that attract
moisture are in contact with metals. Materials that may cause poultice
corrogion include but are not necessarily limited to the following:

Wood

Cardboard
Open-cell foams
Sponge rubber

c o009
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The solution ig to avoid placing materials such as these in contact
with metals, Alternatively, one can employ protective coatings on the
metal, and also apecify suitable treatments for the offending non-metallic
material.

Some varieties of wood are known to exude corrosive acids. The
engineer ghould avoid placing them in contact, or even (in encloged areas)
in cloge proximity with metals, unlesg the metal isg adequately protected
and the woed properly treated.

Avoid, it at all possible, recessed areaz that may collect dirt, mud,
or debris. Thesde depogits attract and retain moisture, causing poultice
corrogion, particularly in sgalt-laden atmospheres.

3.3.3 Galvanic Corrogion. When disgimilar metals such as aluminum and
#steel are placed in contact with one another and gubjected to an
electrolyte, the potential difference may not be all that great--perhaps
tenths of a volt. However, this unintentionally created "battery” is
gsubject to a virtually perfect short circuit. Only the resistance of the
electrolyte, or polarization effects limit current flow. Under these
conditions, corrogion of metalsg such as aluminum or magnesium can be
greatly accelerated. In disgimilar metal corrosion situations, the anode
and cathode are distinct entities, The corrosion process can, therefore,
be retarded by:

coating the anode

coating or, otherwige reducing the effect of, the cathode
interrupting the electrical connection between anode and cathode
eliminating the electrolyte

0O 00

While the anode isg the metal that corrodes, it should not be coated
without coating the cathode a# well. The engineer must be aware of the
catchment area principle, whereby the anode current intengity (current,
hence metal removal rate, per unit area) ig inversely proportional to the
anode/cathode area ratio.* If the anode is ccated and gubsequently placed
in contact with an uncoated cathode, any discontinuity (holiday) in the
coating will redult in a large cathode/small ancde situation. Intenge
corrogion of the anodic metal will occur at the discontinuity. If the
cathode ig coated while the anode is not, any discontinuity in the coating
will regult in a small cathode connected to a large anode. The ensuing
increagse in anode corrogion will be small, and furthermore will be
digtributed over a relatively large anode rather than concentrated in a
small area.

When rivetg are uged te join sections of a given metal they should be
cathodic to the metal. Likewige, if gection® of a given metal are to be
welded by processes requiring filler metal, the engineer should select a

* Thig principle aggumes that corrofion rate ig limited by the kinetics
of oxygen reduction at the cathode,
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filler that is somewhat (but not excessively) cathodic to the metal being
welded. Utilization of cathodic rivets or cathodic weld filler metal
reducesg galvanic corrosion by minimizing cathode/anode area ratio.

Threaded connections between disgimilar metals are inadvisable due to
the poseibility of rapid corrofion of the anodic metal between the
threads. Brazing ig the preferred technique for joining tubing made from
dissimilar metals. The brazing alloy should be cathodic to at least one
of the metals.

When disgimilar metalg are asgsembled with fastener#, a short-circuited
electrochemical cell will not occur if one useg non-conducting fastener
arrangements. Insulating wadhers, insulating bushings, and insulating
sealing material between faying murfaces will accomplish thig goal (gee
Figure 13). Tapes made from non-abgorbent material will protect faying
surfaces from corrosion, All surfaces should be coated before assembly to
avoid exposing bare metal to galvanic and crevice effects. When using
gealing tapes, the tape should extend an inch or two {or, a few
centimeters) beyond the faying surfaces so as to lengthen the electrolyte
path in atmospheric corrosion gituations.

INSULATING BUSHING INSULATING WASHER

SEALING MATERIAL
OR TAPE

_INSULATING WASHER

CLEAN/PRIME/COAT ALL
SURFACES BEFORE ASSEMBLY

Fig. 13. PROPER DESIGN OF A DISSIMILAR
' METAL JOINT

Galvanic corregion can be a problem even when similar metals are
joined, because of electrochemical potential differences between the metal
cbjects joined and the fastener. In atmospheric corrosion gituations, the
catchment area principle ig not applicable because there ig not enough
electrolyte to "spread out® the cathodic effects of a fastener over a
large anodic surface area. Accordingly, when joining metals such as
aluminum or magnesium, the designer must use fasteners that are
galvanically compatible with the parts being fastened. Cadmium-plated
bolts, nuts and rivets are helpful in reducing aluminum corrosion. With
magnesium, the only fasteners permissible are those made from certain
aluminum alloys.

Galvanic Serieg and Metal Compatibility Congsiderationas. The desgign
engineer muat consider not only the suitability of a given metal in the
anticipated service envirenment, but also compatibility of metals with
each other, Galvanic corrogion can be minimized by gelecting dissimilar
metals whoee electrochsmical potentials are clese to one another, thus
minimizing the "driving force” behind corrosion reactions,

When selecting metals and alloyz for service in contact with one
another, tables listing standard electromotive potentials should be used
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with caution, because standard potentiale do not represent the real

world. Algo, standard potentials are defined only for pure metals, A
more realigtic criterion i# based on measurement of the electrical
potential of a given metal in contact with an actual operating environment
such a# gsea water.* The potentiale of variousz metals and alloys
determined in thiz manner constitute the bagis for galvanic series charts,
in which metals and alloyg are listed in opder of their measured
electrical potentials in a specified environment, A galvanic serfes based
on an NaCl solution would be most relevant to the design engineer, because
commor galt (NaCl) ig a frequently encountered corrodent.

For military vehicles, a galvanic series baged on sea water (see Table
?) ig a reasonable criterion for material selection. Military vehicles
gsuch as main battle tanks have to withstand water (including sea water) asg
part of their asgigned migsions.

If two metals or alloyd are widely meparated on a galvanic geried
chart based on a given electrolyte, one can asgume that the anodic
material will have an increaged tendency to corrode when the given metals
are coupled in the presence of that electrolyte, vis-a-vis metals or
alloys not as widely separated on said chart.

Finally, galvanic corrozion can be minimized by eliminating the
electrolyte. This means following the same principles of "designing out’
corrogion-encouraging moisture traps that apply to single metal design.

3.3.4 Stresg Corrogion Cracking (S.C.C.), occurz when a vulnerable
material ig subjected to certain corrogive media while under applied or
residual ftengile stress.

Among aluminum alloys, some combinations of alloy compogition and
temper (metallurgical condition achieved through thermal and mechanical
treatments) are gusgceptible to 8.0.C. in aqueous media and in the presence
of some non-agueous gubstances. Copper alloysg are subject to “seasgon
cracking” caused by the pregence of ammonia in the operating environment.
Stainless steels are prone to 8.C.C. in solutions containing certain ions,
moat notably the chloride ion.

Avoiding or eliminating 5.C.C. egsentially boils down to changing one
{or more) of three ezsential elements: material, media, and tengile
stresg. Specific design practicea include the following:

0 S8Select the right material. For example, various high-stirength
aluminum alloy-temper combinations are known t¢ be susceptible to
SCC. Aluminum sbructureg ghould therefore not utilize such
combinationg, particularly when resgsidual tensile gtresgsez are
created during welding.

¢ Use stiresg-relieving heat treatment to eliminate residual tenszile

* A standardized electrode, gsuch az the saturated calomel half-cell,
provides the required reference potential.
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gtreza.# Another approach along thege lineg ig to use shot
peening or gurface rolling to induce residual compressive stresges
at the surface of a part.

0 ©Specify a suitable coating or cladding. However, electroplating
high-g2trength gteel2 can introduce hydrogen into the basge metal and
thug cause embrittlement. Therefore, uge coating processes that do
not introduce hydrogen, when treating high-strength gteels,

o Avoid configurations that may result in thermal gradient induced
tengile stresses.

o Dezign parts and systems so a® to avoid stress raisers; also, avoid
crevices where 5.C.C.-promoting ions could concentrate.

0 Modify the environment, if possible. 1In closed systems, one can
add a duitable inhibitor, adjust thes Ph, or eliminate 5.C.C.-
cauging substances. )

Metzllic materials are not the only materialg sugceptible to
gtregs-corrogion cracking. Polycarbonates (i.e., "Lexan R °) are
gusceptible to stress-cracking in the presence of oxygenated/chlorinated
degreazing #solvent2. Rubber sufiers cracking due to ozone. The solution
to the=ze problems ig to to uze antiozonants in rubber, and (a2 with metals
and alloys) avoid exposing susceptible materials to combinations of
tengile stregs and gpecific chemicals known to cause cracking.

3.3.5 Intergranular Corrogsion {preferential corrogive attack along grain

boundaries). Thig occurg in alloys that form precipitates at grain
boundarieg during deliberate or unintended thermal or mecharnical
treatments. Stainlesg steels and dome aluminum alloys are most likely to
guffer this form of corrosion. Precipitation-hardenable aluminum alloys
bagsed on the Al-Cu, Al-Mg (Mg content > 3% by weight) and Al-Zn-Mg systems
can become prone to intergranular corrogion ag a result of precipitates
whose electrochemical potentials differ gignificantly from the potentials
of nearby grainsg. The precipitates and grain boundaries form galvanic
cellg when gubject to an electrolyte. Ag a result, either the precipitate
particles corrode, or they act az cathodes and stimulate attack on
adjacent grain boundaries.

Austenitic gtainless gteels are prone to intergranular corrosgion when
gubjected to improper heat treatments. When these alloys are heated to
temperatures lying within the sengitization range for the right length of
time (2ee¢ Figure 14), carbide precipitates form at the grain boundaries.
These carbides are chromium-rich. The required chromium comes from the

#* Be aware, however, that such heat treatment may spoil the temper
or leave certain alloys (i.e., stainless steels) susceptible to
intergranular corrosion.
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boundariea of adjacent graing; consequently the grain boundaries are

deficient in

chromium,. This condition renders giainless steels

susceptible to corrosive attack along these boundarisg. Such
gsangitization can occur during welding. Narrow zoneg of metal on each

gide of a we
right length

1d may be gubjected to the right temperature range,
of time, to cauge carbide precipitation.
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I intergranular corrosion is a problem, the degign engineer can usze
thege approachesg:

o Specify stainless steel (5.5.) with low carbon content.
Low-carbon
modifications of gtainless gteels such as AISI 316 (the low-carbon
grade is known as type 316L) are available for applications
involving welding.

o Specify S5.5. alloyg2 which include columbium (algo known as
niobium), titanium, or tantalum in gmall amounts. These elements
combine with carbon in preference to chromium, thug preventing
depletion of chromium from grain boundariedg,

o Specify proper heat treatment before subjecting the part or
agsgembly to the anticipated gervice environment. For example,
heat treatment after welding iz often necesgary for stainless
dteels, to reverge grain boundary carbide precipitation caused by
welding. Thig meane heating to a temperature high enough to
diggolve carbide precipitates., Subsequent quenching should be
rapid enough to avoid subjecting the surface to temperaturesg in
the sensitization range for periods of time gufficient to induce
carbide precipitation. The temperature vs time curve of the

- quench operation should missg the "node’ of the time vs temperature
curve representing carbide precipitation for the type of sgteel
involved, (Refer to Figure 14%)

"Knife line® attack of stabilized $.5 weldments can be prevented by
heating the ztructure, after welding, to a temperature such as to causze
columbium (or titanium} carbide to precipitate in preference to chromium
carbide.

3.3.6 Exfoliation Corrosion. When using aluminum alloys in components
or structureg, exfoliation can be minimized by:

0 Utilizing alloy/temper combinations that do not suffer this
form of corrosion.
o Applying protective coatings, especially to faying surfaces and
, gurfaceg in contact with fasteners.
o Avoiding expogure of the zhort transverse direction to the
environment., (2ee Chapter 9, par. 9.1.3).

3.3.7 Dealloying (parting) corrcsion. Thisg ig a problem mainly with
grey cast iron or certain copper alloys. If it becomes® a problem, the
degign engineer can:

¢ Specify copper alloys whode zinc content ig no greater than 15%.

* Shrier, L.L., PhD., Corrosion, Vol. 1, page 3:46., Newnes-
Butterworth, Londen, 1976.

27



Downloaded from https://www.everyspec.com

o Specify breggeg inhibited with tin, antimony or arsenic. The
latter ig Irequently used ag an alloying addition to Cu alloys for
inhibiting corrogion.

o Avoid arsas where stagnant solutions come into contact with
gugceptible Cu alloys, when designing closed systems. Such
conditiond, accompanied by surface deposits, encourage
dezincification. Copper or brags radiators in automobiles and
trucks can suffer external dezincification, due to exposure to
road deicing salts. Arsenical cartridge braga, used in place of
regular brasd, solved this problem in northeastern Canada.#

0 Specify nodular, malleable, or white cast iron instead of grey
iron, to avoid graphitization corrcaion.

3.3.8 Fretting corrcgion between moving partg in contact with each other
can be minimized by the following measgures:

¢ Increadge surface hardness by shot-peening or cold working.
o Use a gacrificial soft surface in contact with a hard surface.
Example: +#%in-, lead-, or gilver-coated metal in contaect with

steel.
o Elimipate relative movement by roughening surfaces, or increage
the load normal to the gsurfaces. Be aware, howaver, that if the

load ig not increaged sufficiently, fretting corrogion can
actually increage.

o Specify proper lubricants and surface treatments, i.e., phosphate
coatings and a low-vigcosity, high-tenacity oil or grease,

o When transporting wheeled vehicles, such as by railroad, one can
prevent corrosion of wheel bearings by gecuring all axlea. The
idea ig to prevent the slight back-and-forth movemente that cause

» fretting.

3.3.9 Corrosion Fatigue. If premature fatigue failures in a given part
occur due to corrogive conditions acting in concert with repeated
gtressges, corrective measgsures include:

¢ Eliminating strezg raigsers {or reducing their effects).

¢ Creating regidual compressgive stresses by shot peening or other
means.

o Specifying protective coatings.

3.3.10 Erosion Corrosion. Thiz occurd mainly with marine systems or in
fiuid handling systemsg such a2 heat exchangersg. Some military vehicles,

¥ Park Kwang., Dezincification Corrosion and its Prevention for
Copper/Brass Radiators. (SAE Paper #831829, From Proceedin; Proceedxngs of the
2nd Automotive Corrogion Prevention Conference, SAE Publicatio
P-136.
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guch as the Light Armored Vehicle family, are expected %o operate in water
and are even provided with propellers for that purpose. The designer
ghould therefore take a few precaution against erogion-corrosion as
follows:

o When uging copper-nickel alloys#, the alloy must have about 0.5%
iron to resigt erozion corrosion#

o Propeliers for watercraft must be degsigned so that the critical
velocity for cavitation {a form of erogsive attack) is not
exceeded for the material used. Either limit the propeller
diameter, or the RPM.

0 Wind, i.e., helicopter tail rotor alipstream, can erode
protective coating. Consider hard chrome plate, or redezign the
tail assembly %o avoid direct impingement of slipatream.

* La Que, F.L., Marine Corrogion, John Wiley and Sona, New York, 1975
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_ Chapter IV
"Designing Out" Corrosgion in Tactical and
Combat Vehicles

4.1 Bagic Principles. Proper dezign of a vehicle body or structure can
break the cycle of corrosion in a number of wayg. Avoiding deszign
features which trap debris or moisture will eliminate the sustained
pregence of aelectrolytes. One can reduce opportunities for corrogion
gites to be activated by eliminating crevices where pogsible, or
gpecifying sealing materials where crevices are unavecidable. Properly
gized and located drain holes help reduce corrosion by allowing moisture
%o drain away from metal surfaces in ‘gsump’ areasg, when guch areas cannot
be avoided. Prevention of sustained electrolyte contact ig also
accomplished via de=zign features which prevent mud or other debrig from
accumulating on metal surfaces. Deposits of mud or other debriz are
undegirable becauge they tend to attract or retain moisture, causging
localized corrosjion by setting up differential aeration cell=. In
designing tactical vehicle body structures, it is preferable to avoid
cloged sections for the following reasonz:

1} Moigture almost invariable enterg and promotes
internal corrosgion.

2) It can be difficult to apply protective coatingsz on
the interior surface.

3) These sections are frequently poorly ventilated,
allowing humidity buildup.

For example, doors on commercial vehicles are vulnerable to corrosion
becaude water can enter via the window glot and gubsequently become
trapped. Water accumulation in a door can cause waterline corrosion of
the gheet metal panels. Also, inadequate air circulation cauzes humidity
buildup, thus accelerating ingide-out corrogion. A tactical vehicle’s:
door design should aim at providing adequate drainage. The degigner
ghould also provide access for primers and (if necessary) supplementary
corrosion-inhibiting agents.

When designing body structures, application of protective coating
should be congidered during the degign stage. Properly sized and located
access hole® allow elactrodeposited primerg (to be discussed later) to
reach all areas of metal where corrosion can start. Sharp corners on any
metal part are undesirable because organic coatings tend to be thin on
gharp convex {(outside) cornerd. °‘Bridging’ of coatings can occur on gharp
concave (ingide) corners. Smooth, rounded contourg allow coatings to form
a protective film of uniform thickness.

Jointd involving aheet metal should be designed to minimize trapping
of dirt or moisture in crevices formed by overlapping surfaces, Lap
jointda on the underbody of a vehicle should, if posgible, be aligned so asz
to point the lap away from the direction of travel. On vertical sheet
metal surfacez, lap welds should preferably be arranged 20 ag to point the
lap downward on exterior surfaceg %o allow drainage of rain and water
thrown by wheels,
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External metal gurfaces of tactical and combat vehicle are subject to
impact by stones, gravel, and other missiles generated by tires or
tracks. Theze impacts can damage protective coatings, leaving underlying
metal vulnerable to corrosion. For this reason, metal surfaces in the
path of debrig thrown by tires or tracka should, if pos=ible, be arranged
go that stones, gravel, and similar migailes will strike a glancing,
angled blow rather than a direct blow. Areas subject %o physical damage
can be treated with undercoatings which do not completely harden and hence
are "gelf-healing’. Another solution ig to use plastic coating materials
such as PVC (or, flexible urethaneg) to resist ztone damage in vulnerable
areasg,

With riveted or bolted joints, be careful to prevent moisture from
becoming trapped between faying surfaces. Pre-applied protective coatings
will protect faying surfaces of joined metal. Caulking (sealing)
compounds can be applied to keep moigture out. With welded lap joints,
one can apply =ealing compounds after welding to prevent moisture from
geeping into edgez at locations not already sealed by weld metal.

If gtructurally permisgible, butt-type welde are preferable to lap
weldg in that there iz no overlapping metal to form crevices.

Structural membereg should be designed to avoid pockets where debris
might be trapped or where moigture could accumulate. An inverted
U-channel will not trap moigture. When using concave-upward sections it
ig2 good practice to provide holeg. Corners should be rounded rather than
gharp, a8 gharp inside corners can trap debrisg while sharp outzide edges
are difficult to protect with coatings. Flanges should be designed so as
to enable moigture to drain off of them.

Rusting of the interior gide of floor pang of Mi51 and M880 vehicles
has occurred due to trapped water. To avoid this problem, specify drain
plugs to enable maintenance perdonnel to drain accumulated water from
these areas. This idea iz particularly applicable to open-body vehicles
such as the M151. Closed-body vehicles should be constructed so as to
exclude water from the interior as much as poszsible.

The following gections will elaborate on various agpects of corrosion
engineering in tactical and combat vehicle design.

4.2 Welding and Joining. Whether the design engineer chooses welding
or joining, care should be taken to avoid crevice formation. Consider
Figure 15. In Fig. 15 (a), the crevice formed by the overlapping surfaces
collects liquide and debris. Figure 15 (b) shows a fillet weld at the
upward pointing lap, which eliminates the crevice there. However, the
downward-pointing lap remains a pogdible corrosion gite. Fig. 1% (o)
ghows an overlapping joint where the faying surfaceg are isolated by
soldering, welding, or caulking all around.

Figure 15 (d) i# an overlapping joint with a continuous weld on both
laps. Here, corrogives are igolated from the joint. Thisg configuration is
preferred from the viewpoint of mechanical strength.

Figure 15 (e) showe a combination of welding plus a protective
after-coating. This configuration is, of course, necessary becausge in
this day and age, unprotected metal ig not in the bext interegt of the
Army.

Figure 15 ({f) shows a butt-type welded joint. If cne can get by with
thig from the structural standpoint, it offerg the advantage of no
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crevice continuous fillet
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corrosion site
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~~gaulk 21l atound
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Fig. 15. DESIGN CONFIGURATIONS FOR OVERLAPPING
SHEET METAL JOINTS (Refer ta text)

crevices. Good welding workmanship is neceesary, for gtructural strength
and avoidarce of crevices (2ee Figure 11}, After welding, provide a
protective coating.

4.3 Integration of Metal Jeining and Organic Finishing. Organic coatings
(toc be covered in chapter 8) cannot be an afterthought, but must be
integrated into degign and manufacturing. When aszgembling two components
by bolting, they should be painted before assembly. The flow chart in
Figure 18 illustrates the proper sequence of steps for asgembling (for
example) a bracket to a frame,

When joining components by welding, different rulesg apply. Coatings
in a weld zone interfere with the welding process, or are destroyed. When
welding precoated# metals, the coating must be removed in the weld region,
and reapplied afterward. Figure 17 illugtrates the flow chart for
assembly by welding,

# All ferrous metals should have gome form of protection at all times.
Sheet metal and structural shapes should have a temporary coating, or
a pre-applied primer, go they won't rust while waiting to be used.
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 FRAME

p ‘{RACKET

Dy

Ho T —

FRAME BRACKET

G HOLE

APPLY SEALANT TO, OR TAPE
__FAYING SURFACES

[ BOLT TQGETHER|

Fig. 16. SEQUENCE OF STEPS FOR ASSEMBLY BY BOLTING
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WELD ALL AROUND

A B
PREPARE WELD AREA . PREPARE WELD AREA
(Remove previously :

(Remove previously
applied coatings,
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applied coatings,
clean.)

WELD
A to B

" [CLEAN WELD]

RE-APPLY PHOSPHATE,
PRIMER TO WELD
REGION

APPLY FINISH
COAT

Fig. 17. SEQUENCE OF STEPS FOR ASSEMBLY BY WELDING
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A B ] D
PAINT PAINT PAIN PAINT
BOLT— BOLT |
!WELDL
Fig. 18a
T B C
PREPARE FOR PREPARE FOR REPARE FOR PREPARE, FOR
WELDING WELDING WELDING
{BOLTH
Fig. 18b

Fig. 18, COMBINED WELDING AND BOLTING
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With wolded structures, do not apply the final coating until after the
welding is done. The reason: Some coating materials, i.e., polyurethanes
(CARC) , may not apply too well over an exisgting, partially destroyed
coating.

4.4 Combined Welding and Bolting. When a vehicle or trailer assembly is

partly welded and partly bolted, manufacturing steps should be arranged so
a8 to minimize disruption of protective coatings. In Figure 18 (a), parts
A,B,C, and D are all painted first, Then, A id bolted to B, while C is
bolted te¢ D. Finally, A-B is welded to C-D. In Figure 18 (b}, parts
A,B.,C, and D are firdt prepared for welding, A ig welded to B, while C is
walded to D, Next, A-B and C-D are pretreated, primed, and

finish-coated, Finally, A-B and C-D are agsembled by bolting.

The approach illustrated in Figure 18 (b) is superior for the
following reasons: In Figure 18 (a), an organic coating ig applied to
A,B,C, and D conly to be partially destroyed when A-B and C-D are welded.
Either the coating is removed prior to welding, or it will be destroyed
anyway by welding heat. The coating will then have to be reapplied to the
weld region,

In Figure 18 (b), organic coatings are applied after A-B and C-D are
welded, but before bolting. This has twe advantages:

Firat, organic coatings are not exposed to welding heat. Seceond. faying
surfacesg are coated before bolting, so uncoated metal i# not exposed to
crevice corrogion.

In Figure 18 (a), one could coat the assgembly after A-B is welded to
C-D. However, thig would caude difficulties, because the organic topcoat
may not be able to penetrate into the crevice formed by bolting A to B,
and ¢ to D, Algo, if insulating gasketsa, washers, or gealing compounds
are uged, they will interfere with organic coating processe=z.

In reality, any tactical or combat vehicle is a hodgepodge of
weldments, riveting, and bolting. Accordingly, the principles outlined
above will have to be compromised at times. One of the advantages of
electrophoretically applied primereg iz penetration inte crevices formed by
riveting and #pot-welding. Thisg process, egpecially with modern,
high-build cathodic electrocoat materials, is highly recommended for
tactical vehicles in today’s Army.

A good compromige between rigid adherence to the above guxdellnes, and
the realitieg of practical degign and production, is as follows: When
degigning a system (be it a trailer, truck, or armored vehicle), brackets
or fittings to be bolted should be pre-painted, ag should the main chagsis
or frame. Coatings should be applied to bare metal surfaces created by
the drilling of mounting holes, unlegg such holes are tapped. If
gomething has to be welded after any coating wag applied, the coating in
the weld area will have %o be thoroughly removed, and just as thoroughly
reapplied after welding. The dezign engineer ghould try to minimize this
through proper coordination of coating and manufacturing.

One rule must be regarded as ironclad: Supplementary
corrcgion-preventive agents (i.e., rustproofing greases or waxes),
caulkings, and sealing compounds, must not be applied prior to organic
coating.
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If a atructure ig to be bonded with adhegives, arrange for priming and
topcoating after bonding.* Some adhesives cure when subjected to the
temperaturea necegsary for paint drying and curing. If so, be wary about
mishandling the assembly when the adhesive hazsn’t cured yet.

Adhegives have been developed for bonding electrodeposition-coated
steel.** If uging such adhesives, the metal surfaces should be E-coated,
then bonded.

4.5 Structural Member Degign. Refer to Figure 19. 1In (a), all elements
of bad design are present, Water will collect in the channel. The sharp
edges are difficult to coat evenly. In (b), the sump area still exists,
but a drain hole prevents moisture accumulation. In {(e¢), the concave gide
faces downward, 80 that no sump area existg.*x#

==
L0

Fig. 19. STRUCTURAL MEMBER CROSS-SECTIONS
(Refer to Text)

Figure 19 (d) ig the best configuration. Here, the concave gide faces
downward, ag in 19 (c). 1In addition, all corners and edges are rounded,
to prevent weak wpots in protective coatings.

* When bonding aluminum panels in the HMMWV, the panels are
chemically treated with a conversion coating before bonding. Steel
or zine would probably be phosphated before bonding.

x% Glue Bonds Auto Partsg, Automotive News, June 8, 1987, page '14.

" Note that a drain hole isg shown. Thig is g0 water will drain if
the trailer or other gtructure iz gtored or shipped upside down.
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Figure 19 (o) i2 algo acceptable. The angle (theta) allows moisture
to drain.

The configuration shown in Figure 19 (f) is acceptable, if the design
engineer specified drain holes.#®* Note, also, that the welds are at the
gideg, rather than at the top and bottom. This is to avoid exposing a
weld 2eam to moidture which might form a continuous film on a horizontal
gurface, in g2pite of drain holes.

The I-beam configuration shown in Figure 19 (g) is acceptable, but 19
(h) iz not. The latter offers a sump area where moisture and dirt can
accunuiate. Drilling drain holes will weaken the web. Accordingly, use
I-beamd with the web in the vertical direction.

The gtructural detail shown in Figure 20 (a) ig poor practice. Dirt,
galt, and moisture can enter via the opening shown. Once a2uch debris gets
in, the entrapment area ig difficult to clean. Figure 20 (b) or (o) is
more acceptable. Here, meigture that gets in, can drain ocut again.* The
ingide surfaces of closed mections ghould be protected by coatings, as
ghould the outgide surfaces.

-

Fig. 20. REDESICN OF STRUCTURAL DETAIL TO ELIMINATE
ENTRAPMENT OF DEBRIS (see text)

Frame rail design. Figure 21 illustratesz frame railg for a typical
tactical truck, the MO39, These are straight rails, using a C-section, as
in Figure 19 (e).

Figure 22 shows the frame rails used in the High Mobility Multipurpose
Whealed Vehicle. These rails are cloged, ag in Figure 19 (f). Thi= is
not good practice from a corrogion standpoint, becauge any moisture that
gets in, cannot easily get out. There are no drain holes. The probable

* Locate drain holes in the lowest part of the beam, to avoid
formation of gump areag. Beware, also, of shipment or sgtorage
in an unugual pogition, i.e., upside-down or sideways.
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reagon for this is that the beam is already structurally weakened by the
numerous mounting holes. The inside of guch a beam gshould be protected by
coatings.

In Figures 21 and 22, there indeed are numerous holesg for attaching
crosg-memberg and other components. These holez should be drilled before
applying protective coatings.

Fig. 21. M939 FRAME RAILS

Fig. 22. HMMWV FRAME RAILS

4.6 Migcellanecugs Features to Use or Avoid., Figure 23 illustrates
cross-sectional forms which may occur in the design of bodiesz, frames, or
suspension components. The featureg shown in Figure 23 (a) and (b)
should, if pogsiblae, be shunned. The sharp corners trap moisture and
debriz. The features gshown in Figureg 23 (c) and (d) are good--the
rounded surfaces are less prone to such effects.

Another particular degign feature that deserves discussion is
fasteners in thick steel sections. When a threaded fastener is used to
join something to a thick gection, usze the configuration shown in Figure
24. A corrogion-preventive gealant is injected inte the hole after
drilling and tapping but before fagtening. Excess sealant escapes through
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a center hole in the fastener when the fastener iz tightened. (In this

cadge, drill and tap the hole in the thick section after applying
protective coatings.)

Figure 25 illugstrateg how to avoid creating a difficult-to-protect
crevice corrosion gite in gsome fagtened configurations. 1In (a),

corrodentd are difficult to exclude from the inner gsurfaces. In (b), it
ig eagier to apply gagketg, or gealants to keep corrodentg out of the
joint.

Ly LN

a b

c d

¥ig. 23. REDESIGN OF STRUCTURAL DETAILS TO ELIMINATE

SHARF EDGES AND CORNERS

EXCESS SEALANT ESCAPES
VIA CENTRAL HOLE IN
FITTING OR FASTENER

BRACKET
QJ] ///THICK SECTION
T7X >

\\QSi\

CORROSION~PREVENTIVE
SEALANT

<

DRILLED AN

TAFFPED HOLE

Fig. 24. DESIGN FOR CURROSION PREVENTION WHEN BUOLTING

4 BRACKET 10O A THICK SECTICN

ENTRAPMENT

GASKET, OR SEALANT
AREA [- RETWEREN FAYING
SURFACES
fig. a

fig. b

Fig. 25. REDESIGN OF STRUCTURAL DETALL TO ELIMINATE CREVICE

CORROSION SITE
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Figure 26 illustrates structural design of a vertical reinforcing
member. The left view (26a) is a cloged-gection reinforcing member with
the bottom closed off, This configuration traps moisture and is therefore
undesirable., Figure 26 (b) illustrateg the same design, excaept for the
epen bottom. This allows moisture %o drain away, and therefore 26 (b) is

more degirable than 26 (a). Figure 26 (c), an H- or I- beam, ig alsgo
acceptable, Use a continuous weld to avoid crevices.

a b
-r——-" T -y
¢ ‘ { !
(| L)
. '
L Lo
. [
F=F o
i | i )
i i
: b \
\_cLoSED OPEN
BOTTOM BOTTOM

A

[

Fig. 26. PROPER DESIGN (b or c) QF REINFORCING BEAM (see texr)}

4.7 Sheet Metal Design. Figure 27 illustrates correct and incorrect
fender degigna. (A) allows moisture to drain away from the gheet metal.
(B) is lesgg preferable, because the shelf may hold moisture and debris,
The degigner should avoid the configurationg shown in 27 (c) and (d),
becauge of the pronounced gump areas.

o

Fig. 27. SHEET HMETAL DESIGN--CORRECT(a & b)
: INCORRECT(c & d)
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Figure 28 illustrates the principle of designing lap welds so as to
point the exposed {exterior) lap away from the direction of travel if
horizontal, or downward if vertical. The idea here is to prevent moigture
from being driven into the crevice formed by overlapping metal, or to
allow moisture to drain away from the weld.

e
i

—

. PREFERRED
' DIRECTION OF
+ TRAVEL
EXTER1OR
)
2 e ; \
- AVOLID ;
DIRECTION OF
TRAYEL
EXTERIOR
SIDE

Fig. 28. DIRECTION OF LAPS IN SHEET METAL JOINTS

Figure 29 illustrates principles to follow regarding sealsnts between
riveted sheet metal surfaceg. In Figure 28 {(a), there iz sufficient
gealing compound to exclude moisture from the crevice. In Fig. 29 (b},
there ig a shallow crevice because of insufficient sealant. In Figure 289
{c), the joint ig an unmitigated crevice corroszion site.

[ o— n‘l (4 — . |
e e
PREFERRED LESS DESIRABLE
A B
P ——
:’

Fig. 29. CORRECT AND INCORRECT USE OF SEALANTS IN
OVLRLAPPING JOINTS

Sealante should be applied after phosphating, priming, painting and,

if poasible, before riveting. If usging an electrophoretic primer, it ean
be applied after riveting. In that case, the manufacturing sequence may
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be ag follows: pretreat, rivet, electroprime, topcoat, and then use a
sealant suitable for injection intec the edges of the resultant overlapping
joint. However, it is atil] preferable to precoat gsheet metal parts
before riveting or other mechanical fastening.

In Figure 30 in the left view, the edge of a fender is arranged so as
to shielid the edge of a gsheet metal joint from tire-thrown spray. In the
right view, water can be thrown into the edge of a sheet metal joint.

Figure 31 illustrates how to join aluminum body panels to a steel
frame. Note that in the preferred arrangement, a sealer igolates the
dissimilar metals, and that a steel rivet iz uszed to minimize the
cathode/anode area ratio. The right gide illustrates the wrong
configuration--an aluminum rivet and no gealer between the aluminum and
gteel surfaces.

Figure 32 illustrates "open” and “cloged” desgign configurations. 1In
the closed deaign, inaide-out corrogion is likely due to entrapped
moisture and humidity buildup.

The HMMWV doors are based on the “open’ configuration. The door latch
and window mechanisms are expozed on the ingide, for eagy maintenance.

Use of a gingle sheet metal panel, ingtead of inner and outer panels,
eliminates a notorious crevice corrcdion gite at the inzide bottom where
the inner and outer panels meet. There i2 no sump area, so water cannot be
trapped. ,

Closed gtructural configurationg. A variety of U.S. tactical
vehicles, including the MS39 family, the 10-ton HEMMT, and the Commercial
Utility Cargo Vehicle (CUCV), use clozed structural configurations for
their doorg. Figure 33 illugtrates the SAE recommended practice for deoor
degign for commercial vehicles. The degigner should provide drain holes,
adequately gized, along the bottom so as to prevent moisture from
accumulating in the door asgsemdly. Inner surfaceg should slope toward
drain holeg. The door agsembly zhoyld be given a good protective cecating

PREFERRED AVOID

WELD OR : i]l
CAULK
Kl
) TIRE k

N\

Fig. 30. DESIGN OF SHEET METAL JOINTS EXPOSED TO
TIRE-THROWN SPRAY
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PREFERRED AvVoiD

ALUMINUM PANEL ALUMINUM FANEL

STEEL FLOOR PLATE

/ NO SEALER

e ALUMINUM
RIVET

STEEL FLDOR PLATE

{SMALL A UMINUIM SURFACE AREA T8
LARGE STEEL SURFACE AREA)

{LARGE ALUMINUM SURFACE AREA TO

BMALL STEEL RIVEY SURFACE AREA)

Fig. 31. CORRECT & INCORRECT JOINING OF ALUMINUM PANEL TO
STEEL FRAME

PREFERRED

@)

= o)

Fig. 32. OPEN AND CLOSED DCOR DESIGNS

PREFERRED AvoID

DOZR DUTER PANEL
DOOK INNER PANEL

j DOGR QUTER PANEL

COGR INNER PANEL

Fig. 33. SAE - RECOMMENDED CLOSED - SECTION DOOR
DESIGHN
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treatment ingide and out. Modern cathodic E-coat primers are highly
recommended. If the design engineer is not at liberty to =specify
electrophoretic priming, supplemental corrosion protection may be had in
the form of “pustproofing” greages or waxes. These substances penetrate
into geams and crevices, excluding moisture.

Another common corrosion gite in commercial vehiclesz iz front fenders
and the rear quarter panel assembly. Inner and outer szheet metal panels
should be designed for adequate drainage and coating material access.
Drain holes should be provided at the lowest points of all sump areas.
Horizontal seamg formed by inner and outer panels should slope downward
toward the drain openings to allow adequate drainage. Here too,
application of E-coa! primer ig likewize very helpful. Supplementary
rugtproofing agents are helpful in this area, especially in vehicles not
originally designed to resist corrogion.

Mud thrown by tires can form deposgitg on sheet metal, resgulting in
poultice corrogion. Accordingly, wheeled vehicles should have aprons or
splagh gshields to prevent mud, stones, debris, and water from being thrown
into gensitive areas, ‘

Rocker Panels. This is the gtructure under the door of a vehicle.

The desgigner should provide a drain hole arranged s¢ that water and debris
will not be driven into it during vehicle operations, yet large enough so
it will not become clogged.

Hoods, rear hatches. Like any sheet metal structure, they are
corrogsion-prone if a sump i# created by inner and outer panels joined so
ag to create a horizontal seam. They should thereiore be designed with
properly located holes for drainage and access by electrocoat primers.

See Figurez 34+ and 35. Hoods ghould have drain holesg on the lowest point
forward of the radiator, so ag not to drip water on engine components.

Fig. 34 TRUNK LID, ILLUSTRATING
HOLES FOR E-COAT PRIMER
ACCESS

*  Bryant, Arthur W., Designing Body Panelg for Corrosion Prevention
SAE paper 7809186, in SAE Special Publication P-78.
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INNLE PANEL

UUBER PAMLL

- UUTL PANIL
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AR YO CIRCULATE & MELPS KiLP >
PANGLS FREE 1ROM MOISTURE SRAMBLOT
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| contacr
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Fig. 35 DECK LID DESIGN as recommended by
Arthur W. Bryant in SAE Paper 780916,
Designing Body Panels for Corrosion
Prevention.

Migcellaneous, The design features shown in Figures 36a and 36D
should be used with caution and avoided, respectively. In Figure 36a, the
caption “"avoid horizontal ledge’ means just that. Such areas trap dirt
and debris. The configuration shown in Figure 38b is best avoided
altogether. If something like Figure 36b hag to be used, the sump area
gheuld be provided with drain holes, and adequately protecied with
coatings.

PREFERRED

AVOID

PAINT
and
DRAIN

AVOID
HORIZOMTAL
LERGE

Fig. 36a. and 36b. CORRECT & INCORRECT STRUCTURAL
DESIGN
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Stoneg, gravel, and other small missiles are a problem for vehicle
designers, egpecially off-road vehicles. Figure 37 illugtrates the
principle of minimizing projected frontal area 2o ag to minimize
stone/gravel damage toc paint finizhes on sheet metal.

SOLID PARTICLE
IMPACT AREA

) A -

///” ,,.#—z:;—————~—-“‘g

Fig. 37. DESIGN TO REDUCE MISSILE IMPACT DAMAGE TO COATINGS

The configuration shown in Figure 38 is a possible site for corrosion
initiation, Any joining of sheet metal where there are overlapping
(faying) surface= is a potential crevice corrogion site. 1In addition,

paint coatings may “bridge’ the gap between the metal panels, resulting in
2 gite with little protection.

POSSIBRLE SITE FOR
PAINT BRIDGING

i H

Fig. 38. INCORRECT SHEET METAL
JOINT DESIGH

Figure 39 illustrates what to avoid when designing exterior gheet
metal gurfaces. Areas A,C,G, and H are sgusceptible to stone pecking.
Areas B,F, and I are sharp edges, which can be difficult to protect with
paint coatings. D is acceptable, if not too sharp. Area E, a sharp
corner f{also, H)] ig liable to be “bridged” by painte.

7L

— = — — GROUYND LEVEL — =~ — —

Fig. 39. SHEET METAL DESIGN DETAILS TO
AVOLD
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4.8 Corrogion-Preventive Design Considerations for Armored Vehicles.
Armored combat vehiclesg, which may be propelled by rubber tiresz or
¢racklaying syatems, are characterized by armor hulls, and gometimeg also
turrets. The hull zerves two purposgsez: 1) protection from enemy
balligtic, migsile, and chemical threats and, 2) to enable the vehicle to
gwim. The armor hull of a main battle tank, personnel carrier, or
fighting vehicle gystem presents these challenges to the corrosion
engineer:

1} The corrozion engineer muat gee to it that drain cocke are located
in the lowest portiong of the hull, So the operator can drain
accumulated meoisture as part of daily checks and services.

2} The degigner must locate equipment 8o it ig clear of the bottom of
the hull.

3} The inside, ag well as the outside, of the hull must have an
adequate protective coating system. The interior of the vehicle
should be designed so that during overhauls, all areas of the
ingide gurfaces (of both hull and turret) are acceseible for
inspection and maintenance of protective coatings.

4) The cloged environment ingide an armored vehicle becomes a
humidity chamber when water gete in. Equipment in an armored
vehicle must have adequate atmospheric corrogion protection.

5) Both tracklaying and rubber tire-based propulsion gystems are
efficient mud alingers. The underside of the hull must be
degigned so it i2 as simple and smooth as possgible. Everything
should be thoroughly “armored” against corrosion, with a good
paint scheme. This includeg components such ags road wheel
sugpengion arms.* Use rubber boots to protect components such as
univergal jointg, and uge geals to keep water and mud out of
genaitive areas,

Where goldiers usze high-pregsure water hoseg to clean armored
vehiclea, such areags mugt be degigned to withstand this treatment.

During war or exercigeg in preparation for same, chemical
decontaminating agents will be used to clean vehicles and equipment.
These agents are known to degrade materials used in boots and geals.
Angwerg to thig problem do not come easily. The designer must seek, to
the begt of hig ability and the extent of existing technology, to use
coatings and elastomers resistant to agents and counter-agents used in
chemical warfare.

4.9 Special Considerations--Fusl and Other Liquid Handling Systems.
Figure 40 illustrates the right and wrong ways to design tanke or other

liquid reservoirs. Complete drainage {(which occurz with the configuration

# (Consider hot-dip galvanizing for sguch items, topped off with a good
paint scheme. ’
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shown on the left) is necessary to prevent water or sediment from becoming
trapped, which may be the cage with the configuration shown on the right.
Becauge water ig a common fuel contaminant and because water settles to
the bottom of fuel reservoirs, the configuration on the right is the wrong
way to design a fuel tank.

RESERVOIR DRAIN
TRAPPED WATER

/

PREFERRED AVOID

Fig, 40. FUEL TANK DESIGN

Figure 41 illustrates how to design liquid passages in closed systems,
i.e., fuel, cooling, lubricant, or hydraulic system2. The configuration
on the right provides a site for sediment to deposgit. This could lead to
corrogion problems, i.e., dezincification of copper-zinc alloy fittings.

LIQUID PASSAGES

| fim

ENTRAPMENT
AREA

fﬂm tc;‘.r:a:u:u.
|

\ S WA L. e “Sure, S, . T .

PREFERRED AVOID
Fig. 41. LIQUID HANDLING FLOW PATH
DESIGN

Impingement, or erosion-corrogion may occur in fluid handling systems
where high flow velocity encounters sharp bendz. Keep flow velocity down
by specifying adequate diameterz for tubing, and aveid sharp bends by
gpecifying adequate radiug for changes in flow direction.

Figure 42 illustrates proper design of a fuel tank to maximize
corrogion protection. In the lefthand views, the design configurationg do
not require solderg, which contain fluxes that could be corrosive. The
bottom righthand view illustrates a design mistake--a crevice area, where
depogits of gediment or entrapped moisture can zet up a corrosion cell.

Compressed air systems must have drain cocks at the lowest points of
any sump areas. Be aware, however, that soldiers under strede may not
have time to perform all the neceggary maintenance procedures. Some
components in compregsed air or other fluid handling systems are
candidates for inherently corrosion-rezisting materials, i.e., inhibited
bragges, stainless steels.
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Fig. 42. FUEL TANK DESIGN

4.10 Special Congideratione for Electrical and Electronic Equipment.
Corrogion is a major cause of failure in electrical and electronic
componentg in military weapon systems. According to the United States Air
Force Materialg Laboratory Electronic Failure Analysis Group at the Wright
Aeronautical Laboratory, 20 percent of electronic component failures are
corrogion related.* Corrogion of avionics systems is of gpecial concern
to the Navy, which operates aircraft in salt-laden atmospheres.

Degigning electronic moduleg or "black boxes’™ to reduce corrogion
problems involves some of the same principlesg one would apply in designing
other partsd of a combat or tactical vehicle--or any piece of equipment.

The firat step is to asaume that unless a black box is hermetically
gealed, mojizture will invariably get ingide. Once ingide, moisture will
invariably be pregent on uncoated metal surfaces, will pool in any gump
area, ig likely to be present at any bimetallic couple, and can propagate
via wire bundles, or waveguides.

The designer must therefore reduce oppertunities for moisture to
corrode electrical and electronic compcnentg by eliminating sump areas
where poggible, or by providing drain holes. Printed circuit boards
(PCB'e) should be positioned vertically, never horizontally, so that
moisture will run off the surface. PCB electrical connectorg should be on
a vertical edge of the board, never on the bottom edge. Printed circuit
boardeg zhould have a clear conformal coating guch as paraxylene.

Like any other system, an electronic assembly is wvulnerable to
galvanic corrosion whenever diseimilar metals are in contact. tige gimilar
metals (i.e., a8 cloge together in the galvanic geries ag posgible) for

# Dobbg, B,, @. Slenski, F.H. Meyer, Jr., Investigation of Corrosgion
Related Failures in Air Force Elecironic Systems Failure Analysis
Investigationg. Paper presgented a2t 1983 Tri-Service Corrosion
Conference.
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mating partgs of electrical connectors. This ie¢ an i{mportant precaution,
because the purpose of a connector ia to conduct electricity, hence one
cannot usze electrical insulation between ancde and cathode.

The designer should not only avoid highly disgimilar metalg in
contact,* but algoc avoid graphite contact with gtructural metald. Avoid
graphite-containing lubricants, and be wary of joining an aluminum housing
to graphite-reinforced compogite structures.

Many corrogion failures involving electrical/elactronic modules are
caused by moisture intrugion. If total hermetic gealing is not possible,
use geals, O0-rings, and gaskets on access doors and penetrations (i.e.,
control shafts) into the enclosure. The Navy recommends “shoe-box type’
lid? on the top of electronic moduleg for maintenance access. Otherwisge,
place acceds doors on the gide of a box.

Cable connectors should be on the sides of a box, rather than on the
top or bottom. The back of a connector, where a wire bundle enters,
should be sealed with a suitable gealant guch as non-acetic silicone RTV
(more on this topic below). Use polysulfide sealants around the edges of
gcrews on horizontal surfaces to prevent moisture from infiltrating the
crevice.

A problem with cloged boxea ig accumulation of corrogive vapors.
Polyvinyl chloride has been known to decompose, and the decomposition
producte include hydrogen chloride (hydrochloric acid when dissolved in
water), Accordingly, the degign engineer should avoid PVC ingulation. Use
non-PVC insulated wire meeting the requirements of MIL-STD-1568.

Corrogive vapors algc arise from some RTY (room temperature
vulecanizing) =ilicone sealing compounds. The type of RTV compound to
avoid ig that which containg acetic acid. Avoid using any silicone RTV
compound with a vinegar-like odor.

Oil-containing paints, whether oleo-resinous or alkyd, give off
corrogive vapors while drying. Avoid using such paints for the insgide
surfaces of electronic equipment housings,** unleds thoroughly vented for
at least two weeks after application of the paint. For electrenics boxes
not exposed to direct sunlight, epoxy primers and topcoats are
satigfactory. Polyurethane (i.e., MIL-{-83286, MIL-C-46168) is a very
satigfactory topcoat material. For best corrosion protection, drill all
necessgary holez, then pretreat, prime, and topcoat before ingtalling
anything in the box.

Specify gasket® made from non-hygroscopic materials, selected for
registance to heat, ozone, lubricants, hydraulic fluids, and moigture.
The material should be of such a nature that when it doez degrade, it will
not form corrosive vaporsg.

* MICOM policy is to avoid galvanic couples over 100 mV potential
difference (Cobb, B.J., New Systems with CPC Flavor, presented at
ADPA Corrosion Conference held on 29-30 April 1086.

* % Or, for that matter, any closed container used for shipment and
storage of corrosion-prone items.
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While the designer should take precautiona to prevent mcisture
intrugion, they are not a substitute for adequate drainage. Electronic
equipment hougings should have drain holeg to allow moigsture to get out.
Arrange internal components g0 ag to eliminate gump areasg. Drain holes
ghould be located at the lowest part of the box, and sheould be large
enough to allow moisture and debris to drain freely. Incidently, the
ingide edge of the hole sghould be protected by the same coatings asg other
metal surfaces of the houging. The drain holes should be part of the
housing design. \

Desgicants should be used with caution. They may worsen corrosgion
problems by absorbing moigture at night when temperatures are low. As the
gun riged and the inmide of a vehicle heats up (particularly during
oparationg), the dessicant may then give off moisture and turn an
enclogure inte a humidity chamber. Complex breathing apparatus are not
guitable for tanks, perzonnel carriersd, and o forth, but may be suitable
for mobile communications postd or miggile gupport trailers,

Some iteme of equipment usge conductive or "EMI" (electromagnetic
interference) gaskets on maintenance accessz doors, to prevent the pagsage
of unwanted electromagnetic radiation into or out of an electronic
Bystem. Such gaskets contain conductive particles, to eliminate
non-conductive gaps through which EMI could pass. These particles can
cause galvanic corrogion of aluminum boxeg. The solution is to apply
water displacing corrosion preventive compound, MIL-C-81309 Type III, to
the gagket bafore closing the door. '

The same type of water displacing compound should be applied to the
ping on the male portion of an electrical connector, before ingertion into
the socket. If the pins fit snugly into the gocket, as they should, the
coating will be wiped off the mating metal surfaces for good
conductivity. The water displacing compound will, however, seal the
mating gurfaced againgt moigture intrugion.

To reduce water infiltration, reapply formed-in-place gaskets, and
replace any deteriorated gagkets, when an item is opened for maintenance.

Gold plating on electrical contacts and connectors hag advantages. It
ragists atmospheric c¢orrosion and conducte slectricity well. Use gold
plating with caution: Gold should not he plated directly over copper.
Plate copper with nickel first, then plate the nicksel with gold.

Avoid gilver-plated copper wire. Silver is cathodic to copper, and
thig regults in a form of galvanic corrosion known as "red plague’.

Cabley should, if possible, lead upward toward a connector plugging
into a module. Thig practice prevents moisture from draining into the
connector. It ig also good practice %o provide for drainage at the low
pointg of a cable, to prevent meoisture from wicking into equipment. The
degigner should avoid tengile or side loadings on electrical connectors.

In armored vehicles, ‘black boxes", cables, and connectors ghould be
located high enough above sump areas to avoid expogure to gtanding water.
This is important because drain cocks mugt be cloged during swimming or
fording operationz. If water builds up in the bilge, one dees not want
valuable slectronic equipment to be exposed to it.

An abbreviated summary of do's and don’'ta, taken from NAVMAT P-4855-2
(Degign Guidelinesz for Prevention and Control of Avionic Corrogion}, is
ligted here for the convenience of the reader:
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Design on the agsumption that moisture will be present

Seal all dissimilar metal couples

Usze conformal coatings {(preferably, paraxylene) on
printed circuit boards.

Uge adequate protective coating gystems on aluminum
and magnesium.

Use a nickel sublayer under gold plating.

Uge solder with the lowest poggible acid content.

Usze metals in low residual stress condition, and
with high corrosion registance heat treatment.

Use fluorocarbon, or fluorogilicone materials for
gaskets, O-rings, and seals.

Seal conductive (EMI) gaskets against moisture
infiltration.

Locate drain holes at the lowest points of sump areas

Mount parts and assemblies so they are clear of
standing water levels. )

Use hermetically sealed components where possible

Use sealants to prevent meigture/fluid intrusion

Usa "gshoebox’-type lidg, if the top of a black box must
be accessible for maintenance purposes.

Mount printed circuit boards vertically.

Mount PCB edge connectorg and module connectors
horizontally. The former should be on a vertical
edge or on the back of a PCB.

If uging forced-air cooling, use a filter and dessicant
arrangement to remove moisture and particulates.

Use "0 rings to seal shaftz that penetrate an
enclosure.

Uge diggimilar metals in contact, if it can be avoided

Use an RTV gealant that employs acetic acid as a curing
agent,

Place graphite {in lubricantg or in fiber-reinforced
composgites) in contact with structural metals.

Plate gold directly over silver or copper

Plate silver over copper

Use organic materials that support fungi, emit corrogive
vapors, absgorb moisture, or are degraded by fluids
encountered in the operating environment.

Use rubber susceptible to ozone

Locate edge connectors on the bottom of a printed
circuit board.

Use direct air cooling on electronic components.

Permit undrained sump areas.

Use nickel-plated connectors (Do use nickel/chromium, or
cadmium)
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Automotive Components. Headlamps are vulnerable to moisture entry. The
Society of Automotive Engineers recommenda2 using a mastic-type sealant and
a rubber boot {(See Figure 43) to prevent moisture intrusion.

Figure 44 shows how an electrical connector can be designed to
minimize intfiltration of corrosives inte the metal-to-metal contact
areas. Becauge electrical conductivity i2 the connector’s purpose, the
degigner cannot protect the metal with non-conductive coatings,

RUBHER BOOT AT REAR OF SOCKEY

o

APPLY MASTIC SEALER

SEALING ON LAMPS TO PREVENT CORROSION _

Fig. 43. HEADLIGHT DESIGN

ELECTRICAL CONNECTOR
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Chapter §
Protective Coatings--Bagics

In tactical and combat vehicle degign, the operating environment
cannot be changed. The vehicle has to be designed for its environment,
not vice-~versa. Also, it is frequently not economical to utilize
materials whose inherent corrogion residstance isf adequate, ag these
materials may be too costly. Corrosion can be reduced by applying good
design principles. However, to achieve maximum life and minimum
corrogion-related maintenance cogtsz during the expected lifetime, the
design engineer has to know how to specify corrosion-protective goatings
and treatments.

Coatings and treatments for metals can be grouped into three
categories:

1)

2)

3)

Metallic, (gee Chapter 6) i,e., one metal or alloy applied to the
surface of another metal. Metal coatings can be applied by
electrolytic deposition (electroplating), immersion in a bath of
molten metal, metallic bonding (cladding), chemical deposition, or
vapor depogition. Zinc on steel (galvanizing) iz the most
important example of metallie coatings for design engineers
dealing with motor vehicle body corrogion. Chromium, nickel,
terne (lead-tin alloy) and cadmium are commonly plated onto steel
for protection against wear or corrosgsion. Metallic coatings are
algo usaed for decorative purpoges.

Conversion coatings. FProcesses auch as anodizing (electrolytic
oxidation), chromate treatments, and phosphate treatmentsz fall
inte this category. Conversion coatings are actually controlled
corrogion in that the metal reacts with process chemicals to form
a layer on the surface. Phosphate coatings are often applied to
metal gurfaceg to improve the adhesdion of subdequently applied
organic coatings,

Organic coatingas. This clasgsification applies to all paints,
lacquerg, enamels, varnishes, primers, plug temporary and semi-
permanent corrosion-inhibiting greases, waxes, and oils.
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Chapter 8
Protective Coatings--Metallic

g.1 General

6.1.1 Electroplating. Electroplating of steel with nickel, chromium, or
combined layers of thege metals iz uszed for daecorative purpogeg, and for
protection against wear or corrogsion. Nickel and chromium are not good
choices for protecting structural gteel or sheet metalwork, becausge 1)
These metaleg are cogily and 2) they do not offer protection at pores and
discontinuities. (Zinc coatings do offer this protection.)
Kickel/chromium electroplating offerd an attractive finish as well as
corrofion protection for automotive bumpers, door handles, and trim items.

Fagtenersg are plated with tin, zinc, or cadmium to reduce their own
corrogion, and to reduce galvanic corrosion of other metalsz, notably
aluminum and magnezium alloys. One problem that arises when high-strength
gteel parts are electroplated is hydrogen-induced embrittiement. Because
of this phenomenon, non-electrolytic means of plating are advantageous.
Such methods include "peen’ plating, electroplating of aluminum onto
another metal uging non-aqueous solutions, and coatings such as
SermaGuard.x

Parts of electrical and electronic apparatus are often plated with
zinc, tin cadmium, or noble metals to reduce corrogion or enhance
golderability. (Note: Cadmium must be employed and handled with great
caution because of its extreme toxicity.)

6.1.2 Cladding (algo known ag roll-bonding). Storage tanks and presgsure

vessels in many cages have to be constructed with heavy steel sections to
provide the necesgary strength. Aldo, when handling various chemicals,
the gtructural material may need to resist corrosion both to maintain
gtructural integrity and to avoid contaminating the chemicals with
corrogdion product. Fabricating a thick-walled vessgel cut of a
corrosion-registing alloy such ag type 31§ stainlesds steel may be
posdible, bui such a practice would be wasteful when corrosion resgistance
ig needed only at the inner surface.

A corrogion-regisgting but costly metal or alloy can be clad by
roll-bonding (or explosive bonding) onto a less expengive subsztrate alloy,.
The latter provides the required ztructural gtrength while the former
provides the necessary degree of corrosion registance in the operating
environment.

One automotive application of cladding ig aluminum alloy 5052 clad
with AISI type 301 stainless steel, usged for the bumpers on fire-fighting
vehicles manufactured by American LaFrance. The $.8.-clad aluminum alloy
bumper is just ag attractive, costeg 20% less, and weighs 48% less than the
5.8. bumper it replaces.

* Trademark of SermaTech International, Inc.
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A common application of cladding ig unalloyed or gelected low-alloy
aluminum on high-strength aluminum alloys. High-strength Al alloys do not
regigt corrogion ag well as unalloyed aluminum, hence the former are
offered in gheet, tube, or wire form as “Alclad”, i.e., clad with a
corrosion-protective aluminum layer.

6.1.3 Hot-dip coatings. Aluminum and zinc coatings can be applied to
gteel substrates by dipping an article in molten aluminum or zinc. Sheet
steel in coil form ig hot-dip galvanized by running it through molten zinc
on a continuoug production line. Aluminum (or Al alloyed with
approximately 8 percent silicon) coatings are applied to steel to protect
the latter from atmodpheric corrosgion, attack by salt spray, and
high-temperature oxidation that are the bane of steels used in exhaust
gygiems. Hot dip aluminizing can protect automotive frame members from
carrogion.

6.1.4 Miscellaneous Methods of Applying Metallic Coatings. It is
possible to apply metals such as goid, zinc, chromium, and aluminum by
cathode gputtering, mechanical plating, vacuum evaporation, chemical
reduction (i.e., "electrolegs” nickel}, lagser surface alloying, and metal
spraying. All of these methods have a place in military weapon systems.

Congider the problem of fasteners and small components. They may not
be amenable to hot dipping because of difficulties in obtaining uniform
coating thicknesgs, parts sticking together, or interference with threads.
Electroplating can cause hydrogen embrittiement of high-strength gteels,.
Procegses such as mechanical plating, vacuum evaporation, and cathode
sputtering therefore offer valuable alternatives to the design engineer.

Mechanical or “peen” plating ig a process in which parts to be plated
are placed in a barrel along with glass beads, a liquid media, and fine
particles of the plating metal (or metals, or alloy). The glass beads
peen the particles against the substrate, forming a bond. 2inc, tin,
cadmium, or combinations thereof, can be applied t¢ small parts by this
process.

Vacuum evaporation and cathode aputtering are useful for applying thin
layers of a coating material, guch as aluminum or gold, to an item in a
vacuum or low-pressure chamber. Thesge techniques are useful for small
items guch ag electrical/electronic components.

Laser surface alloying may find applications in military vehicle
sygtems design. Thig technique uses a lazser beam to heat the surface of a
metal gubstrate, along with powders of the cladding metal2. The powders
are melted into the surface so as to form an alloyed surface layer.

Metal =praying igs a process whereby a metal or alloy is melted by an
electric arc or oxygen-fuel gas flame, atomized by a blast of air, and
propelled toward the surface to be coated (see Figure 45#). TUpon impact,
the molten particles coalesce, so0lidify, and form the coating layer. The

* From 1983 Tri Service Corrosion Conference (Shaw, Barbara, and Richard
Parks, Thermal Spray Aluminum for Corrosion Control.
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coating metal may be fed into the spraying apparatus as powder, wire, or
rod, but if the ccating metal can be drawn into wire, that would be the
moat convenient form to use.

HOW THERMAL SPRAY COATINGS ARE FORMED

FEEDSTOCK HEAT SQURCE MDLTEN SUBRSTRATE CRATING
IS0UD OR {ELECTRIC O PARTICLE IMPACT
POWDER) QAB) ACCELERATION

Fig. 45. SCHEMATIC REPRESENTATION OF THERMAL SPRAY COATING PROCESS

A typical wire spraying appsratus resembles a large pistol (see Figure
48%) and contains a gpool for the feed wire, and provisions for
continuoudly feeding the wire into a hot zone created by oxygen-fuel gas
combugtion. A compressed air source ig then required for subsequent
atomization and sgpraying of the molten feed metal. {gee Figure 47x).

Wire gprayed aluminum (WSA) ig used to protect corrogion-prone parts
and equipment on U.S., Navy ships.** Aluminum, zinc, or combinatione
thereof, applied by wire-spraying, may be a good coating technique for
combat vehiclea. The atmosphere ingide an armored vehicle hull tends to
be corrosive . because of humidity buildup. Hullg, turrets, and various
items within the armor envelope are good candidates for protection by
metal zpraying. .

One can apply virtually any coating material, even high-melting-point
ceramicg, by plasma spraying. The coating material iz fed as a powder
into a high temperature zone generated by electrical discharge. The
molten particles of ceramic, or refractory metal, are then propelled
toward the surface to be coated, as with metal spraying. :

6.2 Zinc, Galvanizing, and Precoated Steel--The Leading Edge in the War
on Automotive Corrosion,

¥ 7 DBurnz, R.M. and W.W. Bradley, Protective Coatings for Metalgs, 3rd
ed., Reinhold Publighing Co., New York, 1987.

¥#- - National Materials Advisory Board, Metallized Ccatings for Corrogion
Control of Naval Ship Structures and Component8. National Academy
Prezs, Washington, D.C., 1983.
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Fig. 46. A TYPICAL WIRE-SPRAY
METALLIZING GUN

e

===
Fig. 47. CROSS-SECTIONAL VIEW OF WIRE SPRAYING

APPARATUS

Advantages of Zinc Coatingg. Zinc iz the most common metal for

protecting ferroug metals against corrozion in a variety of vehicular and
stationary application2. The reasons for the widegpread use ¢f zinc
include but are not necessarily limited to the following:

1}
2)

3)

Zinc, unlike nickel or chromium, ig not a gcarce or expensgive
metal. .

Zinc is reasonably resigtant %o corrogion in many environments,
due to the adherent and insoluble nature of it8 corroszion products
in aquecus media.

Zinc tende to be anodic to ferrous metals. If digcontinuities
gccur in a zinec coating, an electirochemical cell formg, with the
steel subgtrate acting ag the cathode. The zinc then corrodes
gsacrificially, offering protection to ferrous metals exposed by
the discontinuity.

59



Downloaded from https://www.everyspec.com

4) 'The melting point of zinc ig high enough to render it suitable as
a coating material for a number of applicationg, yet low enough
for it to be applied by hot dipping.

8) Zine coatinge can be applied by hot dipping, electrolytic
depogition {electrogalvanizing), metal gpraying, or in the form of
fine particles gugpended in a film-forming carrier (zinc-rich
primer).

6) While zinc fumes are hazardous and while it i® not advisable to
ingest compounds of the metal, zine iz not a terribly toxic
gubgtance. It is, in fact, a necesgary mineral in our bodies
{but not in excessive quantities!}. Zinc ig far less dangerous
than cadmium, which ig8 algo used ag a protective coating on
ferrous metals.

8.2.2 Galvanized steel sheets. The mogt common anticorrogion
application of zinc in automotive engineering is the familiar
"galvanizing” applied to gheet steal prior to shipment to gtamping plants,
where it i® formed into body paneld. Engineers designing military vehicle
gydtems have a variety of commercially available zinc-coated sheet steela
to chocge from. These products include:

o Hot-dip galvanized =teel, with the zinc coating applied to one or
. -both sides.

o Steel gtrip with electrodeposited zinc applied to one gide only, or
with a heavy zinc coating on one gside and a thin coating on the
other gide.

o Steels with a zinc-iron alloy layer.

In addition to steel strip with metallic zinc coatings, a major product
innovation ig a precoating system marketed under the Zincrometal trade
name. This procegs coats gteel gtrip with a zinc-baged primer system.
However, 2incrometal is being replaced by better corrosion resistant
coatings, duch ag two-gide galvanizing combined with cathodic
elactrodeposited primers.

Galvanized steel can be obtained with various coating weights and with
a variety ¢f bade materiale. If formability id not required, the designer
may specify commercial quality (CQ) steel. For applications where forming
gqualities are important, drawing quality (DQ), drawing quality-special
killed (DQSK), and DQSK steels with low carbon contents, or with carbon
stabilizere (niobium, titanium) are available. The latest zteelmaking
technology., combined with proper metallurgy and heat treatment, makes it
posgible to produce deep drawing quality-special killed (DDQSK) galvanized
gteels to meet the demands of difficult forming operations.

At one time, galvanized sheet #teel wad specified according to the
ASTM AS525 coating weight designration system, where G90 (the typical
commercial coating weight), for example, meant a total of 0.90 ounces of
zinc per square foot, both gides combined (0.45 ounces of zinc per square
foot on each gide). Products with zinc-iron alloy surface coating were
degignated by A rather than G, thus AB(¢ is zinc-iron alloy coated sheet
with 0.60 ounces per sgquare foobt, both sides combined.
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Presently, galvanized gheet steel products are specified with metric
unite. A degignation of 130/130 means 130 gramg of zinc per square meter
of surface on each gside, while 100/25 is a differentially coated product
with 100 grams of zinc per square meter on one side and 25 gm/sq meter on
the other gide.

§.2.3 Painting, forming, and welding galvanized steels. Galvanized

steels were used in the 1960's for rocker panels of motor vehiclesz, which
were prone to severe corrogion due to increased usge of road salt during
the 1950’s. As utilization of galvanized steel increased, manufacturers
encounterad the following problems:

1) Zinc coatings applied by hot-dipping do not lend themselves
to attractive paint finishes. The “spangle’ associated with
galvanized surfaces tends to be viegible through paint coatings.
In addition, paint coatings do not adhere well to galvanized
surfacesg unleds gpecial precauvtions are taken.

2) Electrical resistance (gpot) welding is widely used to join
sheet metal surfaces in assembling automotive bodies. This ig a
process whereby a very high electric current at low voltage is
applied to localized areas of faying surfaces of sheet metal being
welded. The high temperature produced where the electrodes press
againgt the metal cauges localized melting and coalescence between
the adjeining metal surfaces. This procesz works well with
uncoated steels, but galvanized steels introduce difficulties.
The pregence of zinc on the gides opposite the faying surfaces
caugeg contamination of gpot welding electrodes. These
electrodes are made from copper, which alloys with zinc to form a
brass. This alloy has a higher electrical registance than copper,
hence the electrode face temperature increases. Electrode tip
life ig therefore shortened.
In addition %o electrode contamination, another problem arises
due to zinc on the faying surfaces. The zinc coating lowers
contact registance; and furthermore formg a ring of molten zinec
around the weld which shunts current away from the weld region.
Hence increased amperage is required to gererate the reguired
heat,
Due to the aforementioned difficulties, it is neceggary to usge
increased amperage, higher contact pressure, and longer weld time
when spot-welding galvanized steel. The electrode tips will have
to be "dregsed’ more frequently. When spot-welding bare steel,
electrode tips require dressing after approximately 10,000
welds. When spot-welding galvanized steel, the electrodesz will
have to be dressed after 2000 to 2500 welds.

3} When sheet steel ig run through molten zinc, the high temperature
{approximataly S00F or 482C) affects the properties of the
substrate. Accordingly, galvanized steels have tended to be less
formable than ungalvanized cold-rolled steels.

61



Downloaded from https://www.everyspec.com

8.2.4 Solutions to Galvanized Steel Problems. Automebile manufscturers

have adopted various gtrategies to get around these problems. These
include:

1) One-side galvanizing. Steel galvanized on one gide hasg been usged
for external body panels. The galvanized surface faces inward and offers
regigtance to “insgide out” correosion. Assembly plants can paint the outer
gurface with the usual organic coating systems. A zsignificant
disadvantage of one-zide galvanized steel is the posgsibility of corrosion
on the ungalvanized gide if a discontinuity occurs in the paint coating
applied to that side,

2) Zinc-iron alloy coatings. Steel producers have developed sheet
gteels with a paintable zinc-iron alloy layer on one or both sidegs. This
i8 accomplished by annealing 2 conventional galvanized steel, cauging the
2inc to diffuse into, and alloy with, the zteel substrate. 2Zn-Fe coated
steel can also be produced by wiping the free zinc off a regular
galvanized steal ag it emerges from the galvanizing bath.#

Steels lightly coated with zinc-iron layers are amenable to attractive
paint finishez2. However, there ig a sacrifice in corrosion resigtance.
One automotive manufacturer has made extensive use of "1 1/2 side”
galvanized gteel, whereby one side ig coated with free zinc, while the
other gide hag a light Zn-Fe alloy layer. The galvanized gide faces
inward for ingide-out corrosion protection, while the Zn-Fe coated gsurface
ig painted. The Zn-Fe layer protects against cosmetic corrosion if the
paint ig damaged.

3) Electrogalvanizing offers the advantages of accurate coating
weight control, smooth appearance (no gpangles), improved paintability,
and improved formability. The lattermost advantage ig because the process
occurs at temperatures no higher than 140F (60C), which ig too low to
affect base metal properties.

Generally, electrogalvanized steels have thinner zine layersz than hot
dip galvanized steel. A typical hot dip galvanized steel, G90, has 275
grams of zinc per gquare meter (137 grams on each gide), while a typical
Automofive indudgtry gpecification for electrogalvanized steel ig 70 grams
per square meter on one side, and 90 gm. per £g. m. on the other =gide.
Lighter coatings have been gpecified for some applications.

Electrogalvanizing ig a versatile process. Not only can coating
weight on each gide be tailored for a given application, but alsc, the
process can apply alloy layers zuch as zinc-iron or zinc-nickel. One
Japanege gteel manufacturer has developed an electroplated sheet steel
product with a lower layer of zine-10% nickel and an outer layer of
zinc-80% iron.

4) Improvements in hot-dip galvanizing. Steel manufacturers have
developed innovative variations of traditional hot dip galvanizing. One
manufacturer haz developed a process whereby steel 2trip iz run through

¥ All hot-dipped galvanized 2teels have a Zn-Fe alloy layer, topped off
by a fraee zinc layer.
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molten zinc in a surrounding environment of pure nitrogen.* As the steel
emerges from the bath, nitrogen jets accurately regulate coating weight
(gee Figure 48%). By excluding oxygen and using thege nitrogen jets, one
obtains a smooth coating, free of dross and ripples. Both one~ and two-
gide galvanized productz can be made by this process.
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Fig. 48. PROCESS FOR APPLYING SMOQOTH ZINC COATING ON SHEET STEEL

Procesges have been devised for minimizing or eliminating the
‘gpangle’ one normally sees on galvanized steels. For example, there is
the Heurtey process, whereby zinc dust is blown onto a freshly galvanized
surface, just before it solidifies. Another way to reduce spangles ig to
maintain the lead content in the zinc bath at a very low level. Steam
migts are yet another post-bath treatment to minimize spangling.

As mentioned earlier, careful control of steel chemistry can reduce
formability problems.

6.2.5 Field Tests of Galvanized vs Non-Galvanized Steels. According to
testes performed by Dofaseo, Inc., in 1881 ,#%#% heavy hot-dip zinec coatings
provide superior corrogion protection vig-a-vis lighter, electrodeposited
zine alley coatings. These tests were conducted with specimens of
cold-rolled steel, steels coated by hot-dipping with zine, zinc-aluminum,
and zinc-iron (galvannealed), and specimens electroplated with zinc and
zinc-nickel alloys. Some specimens were exposed with no coating except
the aforementioned metallic layersg, while others combined the =zinc-basged
layers with phosphating and ELPO (cathodic electrophoretic) primer
protection. All specimens were mounted on the underside of commercial

%  Obrzut, J.J., New Galvanized Product Assumeg Dual Roles, in Iron
Age, € April 1981, page 71.

%% Neville, R.J. and K.M. De Sauza, Undervehicle Testing of Zinc and
Zinc Alloy Coated Steels, J. of Materials for Energy Systems, Vol.
8, §3.
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trucks operating in the heavily corrosive salt belt area of southern
Ontario. The generally superior performance of the hot-dipped specimens
may be becausge they had thicker coatings than the electrogalvanized
specimeng. 1In any event, galvanized steels outperformed bare cold rolled
steel. Tests by AM General show that, if steel is to be used at all,
galvanized gteel iz the way to go.

Baged on the Dofasco tests and improvements in hot-dip galvanizing,
2-gide hot-dip, galvanized steel ig the sheet gteel of choice for military
applicationg. For #2teel panels that are to be painted, some reduction in
zinc coating thicknesga ig justifiable on the painted zide. This would
raduce walding problems. However, even painted surfaces should have some
zinc, to reduce corrodion in the vicinity of paint film discontinuities.

6.2.6 Galvanizing of Materia)]l other than gheet steel. WNormally, when

one thinks about galvanizing in connection with automotive engineering, he
or she thinks of pregalvanized steel sheet. However, steel components can
be galvanized after fabrication. Hot-dip galvanizing shops can treat
previously fabricated floorpans, suspengion components, space frames, and
chagsig assemblies. Post-aggembly galvanizing offers the advantage of
uging exigting metal forming and assembly techniques without having to
worry about damaging a previously applied coating. If a welded assembly
is teo be zinc-coated, the zinc should be applied afterward, because zinc
fumes are not healthy to breathe. In some applications, steel components
are aluminum,- rather than zinc-coated because of this problem.

Remember that any protective coating is useless if vaporized or
otherwige destroyed during welding. Coatings in such areas must be
applied, or re-applied, after welding if that happens.

8.2.7 Zinc-Aluminum Combinations. It hag long been known that aluminum
coatings are =uperior to zinc in offering barrier protection to steel,
while zinc offere better sacrificial protection. Steel manufacturers have
therefore sought to develop zinc-aluminum alloy cocatings, so as to offer
both the barrier protection of aluminum and the sacrificial protection
offered by zinc at edges, scratches, or defects in the coating.

Galvalume (R}. Bethlehem Steel Corporation, after years of resgearch
and field testing, introduced a 44 % zinc, 55% aluminum, 1% silicon alloy
coating for gteel, in 1976. This coating ig marketed as Galvalume, and isg
claimed to possess superior corrosion resistance vis-a-vis conventional
galvanizing. Galvalume-coated steels reflect infrared radiation better
than type | aluminum-ccated 2teel,* and can be used at temperatures up to
B00F (316C). Thid ig not ag high a temperature as that which exhaust
gystems can generate., Yet Galvalume-coated steels, given their corrogion
regsigtance and thermal reflectiviiy, may be a good choice of material for
some applications. Posgible applications include engine or engine
compartment components not gubjected to temperatures guch that gtainless
gsteels would be more suitable.

* Hart, R.G. and H.E. Townsend, Galvalume Excels 28 Heat Reflector, in

Nov., 1883., Metal Progress, Page 29.
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Thig main disadvantage of Galvalume-coated steels iz limited
formability, between CQ {commercial quality) and DQ (drawing quality).

Galfanx. In 1879, the International Lead and Zinc Research
Organization (ILZR0O) undertook research on the zinc-aluminum eutectic (see
Figure 49) that occurs at approximately 95% Zinc, 5% aluminum. The actual
work wag performed by the Centre de Recherches Metallurgiquesz (CRM) in
lLeige, Belgium. The purpose of this regearch waz to find a way to protect
the market for zinc, which would be threatened if Galvalume became
popular. Algo, ILZRO wanted a zinc-aluminum combination that would be
usable on existing hoit-dip galvanizing lines.
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Fig. 49. PHASE DIAGRAM, ZINC-ALUMINUM SYSTEM

Inland Steel Corporation had previously carried out research on the
Z2inc-5% aluminum eutectic, and their researchers were isgued three United
Stateg patents. Unfortunately, Inland Steel did not gsolve the technical
problems that arcse in producing a high quality commercial sheet steel
coating. Remearchers at CRM sgtudied various additives, hoping to find an
alloying ingredient or combination which, when added in small gquantities
to Zinc-5% aluminum, would result in a coating with the desired surface
smoothness, corrogion residtance, and formability.

Fortunately, nature seesg fit that such a combination should exist.
Cerium and Lanthanum, present in small concentrations, achieves the
degired results. A naturally occurring mixture of cerium and lanthanum,
known as mischmetal, ig satisfactory. Tramp elements (lead, cadmium, tin,
etc.) must be held to low levels (0.005% for lead and cadmium, 0.04% for
total tramp element content),

The resulting system--zinc, with about 5% aluminum and up to a tenth
of 3 percent migschmetal, was gubjected to extensive testing to verify its
producibility and corrogion resistance. In 1981, full scale trial® were
carried out by a consortium of steel producers at a facility in France.
It wag at thig time that the Zn-5% Al mischmetal, hot-dip applied coating
wag given the name by which it is now known--Galvanizing Fantastique, or
Galfan. Galfan-coated sheet, wire, and tubing has been produced for
various engineering applications.

* Guttman, H. and S. Beligle, Galfan--A New Coating for Automotive
Tubing., SAE paper 860274, in SAE sgpecial publication SP-649.
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Galfan may best be described a® & high performance galvanizing with a
small amount of aluminum, rather than a zinc-aluminum combination. With a
95X zinc content, Galfan offers the unparalled sacrificial protection of
zinc at edges and scratches. It has proven its mettle in actual field
testg, such as the one conducted in Southern Ontario. Galfan coated
gpecimeng proved superior to otherz in corrcsion regigtance, whether
painted or unpainted. It has proven to be at least a good as Galvalume
under varioug testz. Figure 50% ghows how Galfan compares to conventional

galvanizing in 8alt spray tests.
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Galfan-coated sheet steel has proven superior to conventional
galvanized steel in formability.*% Thisg makes Galfan suitable for
applicationg involving deep drawing, guch asg oil filter cans and brake
housinga, Compared with conventional galvanizing, Galfan has little
tendency to flake off during drawing or forming.

Galfan pogszesges the same problems asd conventional hot-dip galvanizing
with regard to spot-welding. Electrode tip life tendz to be short. One
automobile manufacturer has achieved 2000 welds between changing of
machine settingdg, by uging a harder copper or a sgpecially contoured tip in
the electroded.x#

Finally Galfan-g¢oated steels can be phosphated and painted as readily
ag conventional galvanized gteel. Specimens painted by E-coat primers
{guch as PPG epoxy)! have demonsirated fine corrosion resistance when
geribed and subjected to 1000 hours of galt spray.#x

¥ Herrgchaft, D.C., et. al., Galfan: A New Zinc-Alloy Coated Steel for
Automotive Body Use., SAE paper 830517, in SP~538.

##  Lynch, R.F., Galfan Coated Steel for Vehicle Applications Requiring
Superior Formability and Corrosion Regigtance. Paper presented at
ADPA meeting, 29 Apr. 1086, Williamsburg, Virginia.
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Final notes: All hot-dip galvanizing uses aluminum, in small amounts, to
regulate the coating-substrate alloying that ig esgential to hot dip
applied metallic coatingg. Also, one 2teel manufacturer has improved the
performance of zine coatings by adding a small amount ¢f magneszium to the
molten zinec. In any event, improvementg in galvanizing assure that zinc
coatings will remain the cutting edge in the war on corrogion,
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CHAPTER 7
CONVERSION COATINGS

Three types of converzion coatings are applied to metals for improving
wear or corrosion resistance, or to improve the adhesion of subsequently
applied organic coatings. These coatings are az follows:

1) Phosphate coatings, consisting of c¢rystalline phosphates of iron,
zinc, or manganege integrated into the metal surface.

2) Chromate coatings. Chemicals containing chromium in the trivalent
and hexavalent states are commonly used as corrosion inhibitors.
Zine, cadmium, aluminum, and magnegium are amenable to chromate
treatments. '

3} Anodic oxide coatings (anodizing), applicable mainly to aluminum
and magnegium.

7.1 Phosphate Conversion Coatings. Phosphate conversgion coatings are
applicable to steel, zinc (ag on galvanized steel), aluminum, and
cadmium. Their most important application iz as preparation for organic
coatings on gteel. The crysgtalline nature of iron and zinc phosphates
-gerves well ag a trangition layer between a metallic surface and an
crganic coating. Phosphate layers greatly improve paint adhesion and
reduce the propagation of corrosion that otherwise rapidly occurs at
geratches or other defect®. Hiztorically, phosphating was developed {o
improve corrosion protection by painting for iron and steel. Today, with
galvanized steels and modern electrophoretic primers, phosphate treatments
are still an eggential part of product finishing technology.

Phosphate coatings alsc gerve to retain lubricants and metalworking
compounds. They have been widely used to aid forming operationsg, and to
reduce wear when steel surfaces are in sliding contact with one another.

A= mentioned before, phosphate coatings can be iron, zinc, or
manganese. Iron phosphate ig a =satigfactory paint base for applications
where corrogion protection is less important than appearance and cost,
Zinc phosphate provides excellent preparation for organic coatings. It
offerg better corrosion preotection than iron pheosphate, and is applicable
to cold-rolled steel, zinc-coated, or zinc-iron coated surfaces.

The only application for manganese phosphate is to provide wear
resistance for bearing surfaceg. Even here, the recent trend is heavy
zine, rather than manganese phosphate.

A phosphating solution ig almost always aqueous#, and congista of the
desired metal phosphate, and a sufficient concentration of phosphoric acid
to keep the metal phosphate in solution. Commercial phogphating solutionsg

* Phosphating solutions based on chliorinated organic solvents have been
devisged.
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also have accelerators to speed up the coating process. The accelerator
ig an oxidizing agent. Nitrites, nitrates, peroxidesz, and chlorates have
been ugsed, Nitrite accelerators yield the besgt results.

When a phosphate solution ig applied to a ferrous surface, the iron
reacts with the free phosphoric acid. Thig causes the Ph of the solution
to ride in the vicinity of the surface. The metal phosphate is now less
goluble ag a result, and precipitates on the surface, forming the coating.
The acid dissolves iron in anodic regione, which shift from time to time
a2 the reaction progresges. The process i= controlled corrogion; and like
any corrogfion reaction invelving an acid, hydrogen forms on cathodic
regions. The purposge of the accelerator ig to depolarize the cathodes by
combining with the hydrogen, thus apeeding up the reaction.

The ratio of free phosphoric acid to total phosphate ig critical to
the phosphating process. Excess acid merely pickles the surface, while
too little free acid results in sludge formation and poor regults.

Phosphate coatings on gteel formed by a zinc phoaphate solution
consigt mainly of hopeite (hydrated zinc phoszphate,

Zn3 (PO4) 2-4H20, with phosphophyllite (hydrated zinc-iron
phosphate, ZnaFe(P04)2-4Hz0 also present.

When phosphating zinc surfaces, such as galvanized steel, the solution
likewige congistg of free phosphoric acid and zinc phosphate in carefully
balanced proportions. (It is possible to treat both steel and zinc with
cne solution). Again, the idea ig to maintain a pH low enough to react
with the surface, yet not so low (or, not so highly acidic) as to prevent
a phoszphate coating from forming.

Phogsphating ig a process requiring a high degree of quality control.
There must be careful control of golution temperatures, concentration, and
impurity levels. Surfaces to be treated must be absolutely free of
grease, oilg, drawing compoundsg, and dirt. Treatment sequenceg include
multiple cleaning, ringing, conditioning, phosphating, and
post-phosphating rinsing. A typical zinc phosphating sequence for
automobile bodies isg:

1. A prewash, to remove heavy dirt, solder grind dust, ete.

2. Medium duty alkaline cleaner

3. Hot water rinse

4. BSecondary cleaning

5. Conditioning ringe. This step applies a conditioning agent(
{i.e., sodium phogphate with a small concentration of titapium
phosphate) to provide nucleation sites on the surface.

6. Treatment with the phoaphating solution.

7. Cold water rinsing

8. Chromic acid rinse. Traditionally, chromic acid rinses have

besn applied after phosphating to improve paint bonding and
corrogion registance. Metal product finisherg have sought in
recent yearg to eliminate chromium ion-containing rinsgeg, because
of health and environmental considerations.

8. A final deionized water rinse. This gtep ig mandatory when
phosphating is performed pricr to electrophoretic priming, as
regidual chemical contamination ig harmful to that process.
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The various cleanere and scolutions can be applied by spray or
immersion. Immersion ig the preferred method for steps 2, 3, 5, 6, and 7,
while gpraying is preferred for the last sgtep.

The goal ig to form a coating with a uniform, dense, fine-grained
crystal gtructure. Some phosphating gclutions use calcium phosphate as a
grain refining agent. Phosphate coatings applied for reasons other than
subsequent organic coating do not require as fine a crystal structure.

A properly applied phosphate coating consists of an interlocking
network of crystal® integrated intoc the metal surface. Thig regults in a
network of capillaries which absorb and retain organic coatings. Also,
the nature of the metal surface is altered. Bare metal surface tend to be
alkaline, which inherently causes failure of many paint binders. The
electrical conductivity of metals, combined with surface non-uniformities,
causes elactrochemical cells to form underneath paint ccatings. This
result? in underfilm corrofion upon exposure to water or high humidity.
Phogphate coatings are non-conductive, thus electirically as well as
phygically isolating the metal surface. These are the reasong why motor
vehicle bodies and other ferrous items, are.phogphated before painting.
Zinc is by nature a poor paint base, so phosphating ig as important as
ever when painting galvanized bodies.

Phogphate layerz also retain lubricants, and are therefore applied to
aid forming operationsg and to improve wear registance of metal parts in
sliding contact with one another. Yet another application is to retain
rust-preventive agents on ferrous items during storage or while under
transport.

7.1.1 Coating weights. Iron phosphate layers range from 20 to 100
mg./ft.2 (0.22 to 1.1 gr./m®). Light zinc phosphate coatings, applied
ad paint basesg, range from 120 to 300 mg./ft.* (1.29 to 3.24

mg./m.%), Heavy zinc phosphate coatings, applied as bases for forming
operations or to retain rust-preventive agents, range from B00 to 3000
mg./ft.% (8.7 to 32.4 mg./m.%). Manganese phosphate is applied to
produce heavy coatings, up to 4000 mg./ft.2® (43.2 gr./m.%).

7.1.2 Phosphate coatings for aluminum. Crystalline phosphate coatings
are adaptable to aluminum surfaces. The solution must be properly
formulated with zinc or manganese phosphate, an oxidizer such as the
nitrate NO~* ion, and a fluoride, to serve as an activating agent. A
typical solution containg 0.7% zinc ion, 1% phosphate ion, 2% nitrate
ion, and 1% fluoborate BF** jon. The fluorine-containing ion is
necessary because aluminum’s natural oxide layer would otherwise interfere
with the film-forming process. The resulting film ranges from 100 to 500
milligrams per square foot (1.076 to 5.382 gr./m.%), and can be a base
for organic coatings. Phosphate layers on aluminum are algs an aid to
forming operations.

Crystalline phosphate conversion coatings for aluminum were developed
during the 1940’'s. This process was later zuperceded by amorphous
phosphates and chromates. The crystalline phosphate process offers the
advantage of being ugsable on azsembliez of steel and aluminum.
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7.2 Chromate Convergsion Coatinga. Chromatez have been versatile
workhorges in the metal finishing indugtry. Conversgion coatings based on
trivalent and hexavalent chromium have been widely used on zinc, cadmium,
aluminum, magnesium, and other metals. At one time, phosphated steel
surfaces were treated with a chromic acid ringe to augment corrosion
protection. Chromate-containing pigments have long been used in
anticorrosion primers. Non-chromium containing pigments and metal
treatments are replacing chromates in some applications, besause of health
and environmental problems. Non-chromate conversion coatings have been
used in the container indugtry. However, no completely satisfactory
gubstitute for chromates as pretreatments for aluminum or magnesium, have
been found.

Chromate conversion coatings serve as baseg for organic coatings on
aluminum and magnesium, just as phosphates do for ferrous and zinc
surfaces.

All chromate treatment solutions contain hexavalent chromium jons.
Other chemicals are needed to adjust the pH and ac¢elerate the reactions,
When chromating a metal surface, some of the bage metal dissolves. This
causes hexavalent chromium to be reduced to the trivalent state. The
metal surface is converted to a superficial layer containing trivalent and
hexavalent chromium. The metal finishing industry hag developed a variety
of solutions and processges uging chromium compounds.

7.2.1 Chromate treatments for aluminum. Three chromate-type treatments
for aluminum will be discussed here. They are 1) alkaline oxide, 2)
chromium phosphate, and 3) chromium chromate.

Alkaline oxide coatings are typified by the modified Bauer-Vogel (MBV)
process, which is applied to aluminum gurfaces with a golution containing
godium carbonate, godium chromate, plus additions such as silicates or
fluorides. Sodium carbonate ig an alkali-like salt, and servesg as the
active agent. The chromate regulates the reaction. The deposited film
consigtes of aluminum oxide, with chromic oxide formed by reduction of the
godium chromate.

Alkaline oxide coatings are not commonly used nowadays., because anodic
oxide coatings (anodizing) are superior when oxide coatings are wanted.
Also, for non-electrolytic treatment of aluminum, chromium phosphate and
chromium chromate are guperior.

Chromium phogphate conversion coatings are applied to aluminum
gsurfaces by uging sclutions containing phosphate, chromate, and fluoride
with the pH on the acid side. The proportions of phosphate ag HaPO.,
fluoride, and chromium ion (ag Cr0z:)} must be within the boundaries
illustrated in Figure 51). The fluoride acts as an activator, breaking
down the natural oxide layer, while the phosphoric acid provide the
neceggary acidity. Some of the aluminum dissolveg at anodic gites,
forming aluminum phosphate. At cathodic sites, hexavalent chromium acts
as a depolarizer, and is reduced to trivalent chromium, which is
incorporated into the film. This treatment produces a conversion coating
congisting of chromium and aluminum phosphate=s, with a small quantity of
fluoride. The coating is green in color due to the presence of reduced
chromium. ’
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Fig. 51. OPERATING RANGE CHART FOR
CHROMATE-PHOSPHATE CONVERSION COATINGS
FOR ALUMINUM.

Another coating process applies a coating consisting of trivalent and
hexavalent chromium, in the form of hydrated chromium chromate,

Craz03-Cr03-xH20, The solutions used to apply these coatings are
proprietary; a typical formulation congigts of sodium dichromate,
potasgium ferricyanide, =sodium fluoride, and nitric acid. The first
component provides hexavalent chromium. The nitric acid provides acidity,
and the fluoride isg the attacking agent, dissolving the oxide film. The
ferricyanide acts ag an accelerator.

Chromium chromate and chromium phosphate films are amorphous, as
opposed to the crystalline structure characteristic of phosphate coatings
on steel surfaceg. Accordingly, organic coatings used on aluminum
surfaces with these pretreatments must have good adhesive properties,
becauge the conversion coating does not provide a network of crystals to
mechanically hold such coatings. Properly applied chromate coatings will,
however, retard underfilm corrogion and paint adhegion failure on aluminum
surfaces.

Chromate conversion coatings offer some degree of corrosion protection
by themselves. An interesting feature of these coatings ia low electrical
registance, which makes them suitable for treating electrical and
electronic components.

7.2.2 Chromate Coatings on Zinc. Chromate treatments applied to zinc
surfaces, such ag galvanized steel, inhibit the "wet gtorage gtain’
characteristic of galvanized articles stored under wet or humid
conditions. Chromate passivation ig also applicable to cadmium-plated
component®, Items being packaged for storage or shipment can benefit from
chromate pagsivation, because vapors from wood or paints can be corrogive
to unprotected zinc or cadmium zurfaces.

A typical chromate treatment for zinc uses sodium dichromate and
sulfuric acid. The coating formed is primarily chromium chromate,

Finally, magnesium surfaces can be chromate-treated, either as a base
for subsequent organic coatings or, in environments not too corrogive, as
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a protective coating in itself. 1In civilian automotive applications, for
example, a magnesium alternator frame may requirs no protective coatings
other than a good chromate passivation treatment. In military
applications, any magnesium components would have to protected by a good
organic coating gystem.

7.3 Anodic Oxide Cecatings. Anodizing ig defined asg any process which
develops an oxide coating on a metal surface by making it the anode in an
electrochemical cell. Aluminum and magnesium, and their alloye, are the
most familiar metals regularly anodized. Aluminum alloys are anodized to
improve corrogion resigtance, for decorative purposes, or to protect the
surface against abragion. Magnesium alloys are anodized to improve
corrogion registance and to gerve as a paint base.

Anodizing will be digcugged further in the sectiong of this report
dealing with aluminum alloys.
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CHAPTER &
ORGANIC COATINGS

The category of coatings labeled “organic® includes paints,
varnishes, lacquers, and enamels. One may also include temporary and
gemipermanent rust-preventive greageg, oilg, and waxes under the “organic’
clasgification.

The world of organic cocatings has changed. Laws designed to protect
our atmogphere are restricting what was formerly the unresgtrained use of
organic solvents. Accordingly, powder coatings and water-borne coatings
are playing a more prominent role than formerly. One also hears a lot
about high golids coatinge employing little, or even no goclvents,
Elactrophoretic (a.k.a. E-coat, ELPQ) primers are now the standard method
of applying primer coatings to motor vehicle bodies. Ncnetheless, to
understand organic coatings, the engineer must start by studying classical
coating systems. )

Clasgical paints, enamels, varnishes, and lacquers consist of three
major componentsg: film-former, pigment, and sclvent. The film-former or
binder may be a drying oil, or it may be a resin which ig fluid only when
dissolved in a solvent, or it may be a polymerizable material. Pigments
are very finely divided materials for imparting color, inhibiting
corrosion, or adding strength to a coating layer. The golvent, or
thinner, lowers the vigcogity to a desired level for easier application,

A complet%e coating system for a metal surface begins with cleaning to
remove mill-scale, dirt, grease, and all other surface contamination.

Thig is very important: It has been =2aid that a mediocre paint applied to
a well prepared surface ig better than an excellent coating material
applied to a poorly prepared surface. The quality of the basge material is
algo important. Sheet steel with heavy surface contamination (i.e.,
carbon particles), can be difficult teo clean and phosphate, and
subzequently applied organic coatingsz will not adhere well.

The next step is a phosphate or other suitable conditioning
treatment, to improve coating adhesion and retard the spread of corrocsion
beneath coatingg. An alternative to phogphate treatments for large
gtructures is to employ a “wash primer”, which is a brushed or sprayed-on
phogphate treatment employing an corganic binder and pigments.

After cleaning and phosphating {(or otherwise conditioning) a metal
surface, a primer coating is the initial organic coating layer,

Subsequent coating layers following the primer include surfacers and
topcoats. The gurfacer, ag its name implies, levels out unevenegdes. The
topcoat protects the underlying layers from the elements, and containsg
pigment2 which impart the desired color for deceorative, or camouflage,
purpoges. (The primer containa the corrogion-inhibiting pigmentas),

8.1 Film-Forming Machanigme and Mat=srialg. The clasgical film-former in
house paints is a drying oil, such as lingseed. The o0il, along with
pigment particles, is diluted with a golvent for ease of application.

When the painter applieg the paint to a surface, the solvent evaporates
quickly. The drying oil combines with oxygen in the air and, in g0 doing,
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the moleculeg link up with one another to form a solid film. Thig film
holds the pigment particles in place.

The mechaniam drying oils use to form a 80lid film is known as
oxidative polymerization. Oil-bazed paints using red lead as the pigment
were widely uged ag primers for gteel structureg, before being supplanted
by better materials, Today, drying oils are atill used in paints,
enamels, and varnishes,* but are modified by various processes. Besins
(solid materials) can be mixed with oils to improve film properties.

Another way to apply an organic coating film is to uge a regin which
is fluid when dissolved in a suitable solvent, but which forms a solid
film az soon ag the solvent evaporateg, Thege coatings are known as
lacquers {or lacquer enamels, if pigmented). Film formation is solely by
solvent evaporation, with no need for cross-linking or polymerization.
This ig known ag lacgquer drying.

Nitrocellulose lacquers were introduced in the 1920’s., These consgist
of nitrocellulose digsolved in gsclvent, with pigment particles added to
impart color. The resulting lacquer is applied by gpraying. When the
golvent evaporates, the nitrocellulose stays behkind, on the surface, as a
fiim.

The fast drying of nitrocelluloge lacquers made possible the rapid
finishing of automobile bodies on production lines, with attractive and
durable finishes in colors other than black. Because nitrocelluloge is
brittle, plasticizers are added to impart flexibility to the film,
Manufacturers have alsgo used various resing, g2uch as alkyds, acrylic¢s, and
natural regins to further improve film properties. The trend in lacquer
formulation over the years has been toward lower viszcosity nitrocellulose
and increased proportions of other resinsg, resulting in lower solvent {(and
higher solids) content. This means lower material and applications costs.

Eventually, nitrocellulose lacquers were superceded by thermoplastic
acrylic lacquers for automotive finishing. Thermosetting acrylics were
later adopted ag baking enamels.

So far, two mechanisms of paint drying have been digcugsed: oxidative
polymerization and lacquer drying. A third drying mechanism congists of
polymerization reactions between ingredients in a coating formulation
without the aid of atmospheric oxygen. This is how epoxy and polyurethane
reging “cure’ when ingredients of two-package formulationd are mixed.
Other synthetic regins that harden by polymerization iaclude
urea-formaldehyde, melamine-formaldehyde, and aerylics.

Modern finisheg for buildings, consumer itemg, military equipment, and
industrial applications are made from a variety of natural and gynthetic
materialg. Coating manufacturerg combine drying oile with other materials
to make alkyds. The variety of resins available to coating manufacturersg
enablez them to produce paints, varnishes, and enamels with a variety of
propertiesd., To fully dedcribe all of the materials used in protective
coatings would require a very voluminous report. Accordingly, only a

¥ Paint is a general term for organic coatings uging a pigment and
binder. An enamel is a paint that forms a smooth surface finisgh.
Varnish refers to a coating without pigment particles.
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Limited aumbap of =oating materials will be described here, to provide the
engineer with a basic background in organic coatings for military
equipnment. -

8.2 Alkyd Regin - Baged Coatingd. Primeras and topcoats based on alkyd

reging are the classic military coatingg. They have served the Army for
decades, until recent needs for chemical agent resistant coatings resultej
in their replacement by more modern coating materialsg, notably,
polyurethanes.

An alkyd (alcohol + acid) is a polymer resin based on chemical
reaction between polybagic acidd and polyhydric alcohels. The former are
organic acids or acid anhydrides with two or more -COCH groups
characteristic of organic acid moleculeg. The latter are alcohols with
two or more -OH groups. One possible alkyd combination is phthalic
anhydride, a bifunctional organic acid subatance, and ethylene glycol, a
bifunctional alcohol. The functionality groups cause formation of a

polymer (See Figure 52).
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Fig. 52a PHTHALIC ANHYDRIDE
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Fig. 32b. ETHYLENE GLYCOL
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PHTALIC GLYCOL LINKAGES
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Fig. 52c¢. A SIMFLE ALKYD, FORMED BY PHTHALIC ANHYDRIDE
AND ETHYLENE GLYCOL.
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Now, suppose one were to formulate an alkyd with phthalic anhydride as
the polyfunctional acid but with glycerol as the polyfunctional alcobol.
Glycerol hasg three ~OH groups. Hence one of these groups can react with a
monofunctional acid (i.e., an acid with only one -COOH group), leaving the
remaining -0OH groups free to react with tbe phthalic anhydride.
Accordingly, fatty acide characteriatic of drying oilg can chemically
combine with phthaliec/glycerol alkyds to form a redin combining the
favorable characteristics of glycerol phthalate and drying oil. Pure
glycerol phthalate iz brittle because of extensive crods-linking between
the linear chaing. Adding drying oil makes the film more flexible.

Drying oils are naturally occurring triglycerides of unsaturated fatty
acide (gee Figure 53). In classical linseed oil-based paint, multiple
douyble bonds in the fatty acid chaing (resulting from non-saturation)
provide gites for the oxidative crogs-linking described earlier. If a
drying oil ig mixed with glycerel in the right proportiocna and heated in a
kettle, an interchange reaction {(see Figure 54) occurs. The objective isz
$o form glycercl molecules with one, or at most two, fatty acid chaing,
rather than three,

1
H— C— OH
H—C—oOH
H—C—0OH
;

Fig. 53a GLYCEROL

or ¢ R-COOH

Fig. 53b. LINOLENIC ACIC, A TYPICAL DRYING OIL FATTY ACID
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Fig. 53c. DRYING OIL MOLECULE. Rl. Rz. R.3
ARE FATTY ACID RADICALS SUCH AS Fig. 53b ABOVE.
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Fig. 3& FORMATION OF FATTY ACID MONOGLYCERIDE

The regulting fatty acid monoglyceride has two ~OH groupz that can
form linear chaing with bifunctional acids such as phthbalic anhydride. If
glycerol i# reacted with drying oil to yield fatty acid monoglyceride and
subgequently combined with phthalic anhydride, the result is an alkyd
congigting of random couplings of glycerol, phthalic¢ anhydride, and fatty
acid (gee Figure 85). This is the alkyd system used for years in military

coatings.

- COOH LINKS - OH LINKS
+ FATTY ACID
CHAIN
PRTIALLC FATYY ACID
ANIIYDRIDE MONOGLYCERIDE

OXIDATIVE .
CROSS-LINKING

CLYCEROL/PHTRALIL ANHYDRTDE/DRYING OIL ALKYD RESIN

Fig. 55.
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A typical alkyd primer is baged on standard TT-P-664. The film-former
ig an alkyd resin formed by esterification of glycerine, phthalic
anhydride, and fatty acids obtained from lingeed, soya, safflower, and
sunflower oils. The specification calls for a minimum of 38 percent (by
weight) phthalic anhydride, and 32 percent oil acids, expressed as
percentage of vehicle solids.

The pigment iz a mixture of zinc chromate, iron oxides, and siliceous
extenders. The purpose of this pigment mixture is rust inhibition rather
than any specific color requirement.

The golvent meetg one of two aspecifications: Compositon G, for
general use, congistsz of volatile aromatic golvents. Compositon L is for
use in areas where air quality standards restrict solvent emissions into
the atmogphere. Under the composition L standard, certain
photo-chemically reactive golvents are regtricted or eliminated. Both G
and L standards forbid highly toxic solvents such as benzene and
chlorinated hydrocarbons.

A typical alkyd topcoat enamel is specified under MIL-E- 52798A
(Enamel, Alkyd, Camouflage). The film former ig a glycercl/phthalic
anhydride/oil alkyd. The oil acids constitute 45 to 55 percent, by
weight, of the re=in solida. -Phthalic anhydride occupies 30 percent of
the resin weight. o R

The pigment must meet color and infrared gpectral characteristicsg.
The following colors are covered under the standard:

o  .Light green . ¢ Earth yellow
o Foresgt green o Earth red

. o - Dark green o Desdert zand
‘o Olive drab o Black
0 Field drab

All pigment formulations mugt meet requirements for chemical
compogition, visual-spectral, and infrared-spectral characterigtics for
camouflage purpogdes. A typical camouflage pigment mixture ig forest
green, with visual and infrared characteristics adjusted so as to
duplicate the characteristicg of naturally occurring chlorophyll, ag in
tree leaves and other vegetation,

A typical ‘earlier paint system before CARC was mandated, applied to
M60 series main battle tanks, conszists of TT-G-490 phosphate treatment,
T-P-664C primer, and MIL-E-52798 enamel.

In recent years years, military surface coatlngs have been
reformulated to eliminate lead- and chromate- Containing pigments. For
example, TT-P-664C has been replaced by MIL-P-52095, which calls for a
corrogion inhibiting, lacquer-resistant, lead and chromate free primer.
The pigment consistg of iron oxide, zinc phosphate, a proprietary
material, and siliceous extenders. The pigment must not have hexavalent
chromium. The binder ig-a resin-modified, drying vil-phthalic alkyd
resin,

Drying oil modified, glycerol phthalate alkyd resins have attained an
important place in coating technology since their introduction in 1930,
because their durability is much better than the oleoresinous materials
they replaced. This ig why alkyd primers and topcoats have been

il
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gtandardized by the military for protective coating of vehicles and other
items. The coatings chemigt can obtain a range of properties by uzing
different oilg, and by varying the proportion of o¢il fatty acids in the
alkyd formulation.*# While glycerol is the most commonly employed
polyfunctional alcohol, others have been used. Coatings chemist have also
used acids other than phthalic anhydride.

Finally, alkyds can be modified with 2tyrene, silicones, acrylics, and
other materials. The main disadvantage of oil-containing alkyds is that
they are vulnerable to attack by alkalieg and cther chemicals.
Accordingly, coatings chemists have, over the years, gought more durable,
and more chemical-resistant paint binders.

8.3 Epoxy resing. Epoxies are synthetic resins which harden by
cross-linking. These resing have a number of applications, including
surface coatings, adhesives, and fiber-reinforced composites. The most
common epoxXy regins are formed by the reaction of epichlorchydrin and
bigphenol A4, resulting in the molecular structure shown in Figure 56. The
epoxide groups (from which the familiar term "epoxy” is derived) at the
ends of the molecule can react with a variety of curing agents. The epoxy
melecule can also combine with other materials via the -0H groups.

EPOXIDE GROUP -0 GROUP
— i
Al ot I o 1A
A e SRR A B
4, H A CH, H H H ln CH, HOH M

Fig. 36, THE MOLECULAR STRUCTURE OF A COMMON EPOXY RESIN, FORMED BY POLYMERIZATION
OF EPICHLOROQCHYDRIN AND BISPHENOL A.

Epoxy-bagsed film formers for gurface coatings can be made by reacting
the bagic epoxy molecule with drying oil fatty acidg, or by cross-linking
epoxy with amines, amides, phenols, amino resins, or other materials whoge
molecular structures have reactive hydrogen. Commercial epoxy packages
consigt of a basic epoxy resin, typically epichlorchydrin/bisphenol A,
plus a crogs-linker. Some formulations use a catalylgt to accelerate the
reaction.

Curing agents such as amines reac}{ with epoxy so quickly that the two
mugt be kept in separate containers, and mixed shortly before utilization

* People in the coatinge field use the term oil length to dezcribe the
proportion of o0il acids in alkyd resins.
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as a coating, adhesive, etc.* The maximum time an epoxy mixture can be
allowed to sit, before excessive crosg-linking renders it unfit for
application, is called pot life.

In surface coatings for military applicationg, epoxy resins are mainly
used as primers. A clasgical epoxy primer used by the Army is=
MIL-P-23377D, a two-component, epoxy-pclyamide, chemical and solvent
regigtant primer coating, compatible with aliphatic polyurethane (CARC)
topeoatz. One component consgists of epoxy resin, along with pigment and
solvent. The other component congists of a polyamide resin, plus
solvent., The user mixeg the two componente in equal proportions, by
volume, %o obtain a product meeting the specification. The mixture may be
thinned with solvents meeting MIL-T-81772, for ease of application.

The pigment ig primarily strontium chromate. Type I pigment is 52% of
the above, with 10% titanium dioxide and up to 3B% by weight giliceous
extenders and antisettling agentz. Type II pigment consigts of 42%
(minimum) strontium chromate, up to 32% extender, and up to 26% coloring
pigments.

When applied to pretreated aluminum test panels, the primer must
regist 5% =galt spray for 1000 hours.

Two-component epoxy systems, once mixed, do not have infinite pot
life. MIL-P-23377D requirez, however, that when initially mixed and
thinned to 20 seconds (viscosity, measured in accordance with a gspecified
procedure), the primer shall have a viscogity of no more than 25 seconds
when stored in a closed container for 8 hours at 23C (73F), or three days
at 4.4C (40F}.

Another epoxy primer, specification MIL-P-53022A, covers a
corrosion-inhibiting, lead- and chromate-free primer, formulated 2o as to
meet air pellution requirements regarding solvent emissions. The film
former is bisphenol A-type epoxy, crogs-linked with an aliphatic
amine-epoxy adduct. Like all such systems, the resfinsg and crogs-linking
compound are gtored separately and mixed prior to application.

The pigment cannot contain the familiar chromate compounds
traditionally used for corrosfion inhibition. It congists of titanium
dioxide {(50% by weight), zinc phosphate (8 to 11%), and siliceous
extenderg. The pigment mugt tesi{ negative for hexavalent chromium. About
1% of the pigment is a proprietary substance.

MIL-P-53030 ig a specification for a water-reducible, corrosgion
inhibiting, epoxy primer. This primer contains no more than 340 grams per
liter (2.8 Lb. per gallon) of volatile organic compounds.

In industry, epoxies offer the advantages of good adhesion, and
resistance to abragsicn and chemical attack. Becaude epoxy regins harden
by crosg-linking, they can be applied at low molecular weightz, thus
permitting reduction, even elimination, of solvents. ZEpoxies are alse
applicable by electrophoretic processes. Combinations of epoxy resin and
ceal tar have been used in heavy-duty corrosion protection applications.

¢+  Some epoxy systems react 2o zlowly at room temperatures that they can
be iggued in a single package. The coating must then be heated to
activate crogg-linking.
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Epoxy coatings are not employed as external topcoats, as they do not
offer the durability characteristics of alternative topcoatg under
guniight (UV radiation). They make good primers for ferrousg and
non-ferrousg metals, and are the standard primer for CARC systems using
polyurethane topcoats.

8.4 Polyurethane resins. Polyurethanes are based on chemicals such as
toluene di-igocyanate, which contain two or more -NCO groups. Like the
epoxide functionality, -NCO will link up with virtually anything that has
reactive hydrogen. Polyurethane resins have applications in foams,
alagtomers, adhesived, and cecatings. With regard to coatings, a number of
gsystems have been devised. Some are one package formulationsg, while
others have to be issued in two containers. Figure 57 illustrates some
polyurethane systems.

By strict definition, a polyurethane resin is a polymer formed by
reaction between the isocyanate (-NCO) and hydroxyl (-0H) groups in
polyfunctional isocyanates and polyhydroxyl- (or polyol) compounds. The
polyurethane coatings we uge today are based on technology developed in
Germany during the 1930's and -40's. Thisg technology oweg much to the
pioneering work of Dr. OLtto Bayer, who discovered the diisocyanate
polymerization reaction in 1937, By the 1950's, the Bayer chemical firm
had standardized polyurethane products on the market. The "Desmodurs’
were polyisocyanate compounds, while "Desmophens were polyesters with
multiple -OH groups. A polyurethane forms when a Desmophen is mixed with
a Desmodur.

In 1954, Bayer in Germany and Monsanto in the United States
established the Mobay Chemical Corporation (Mobay = Monsanto + Bayer) to
bring polyurethane technology to the United States.

In recent years, increased attention hag been given to the possibility
of NBC warfare. What military vehicles (and other equipment) need, is a
topcoat material that does not abscrb chemical agents, and can be easily
decontaminated after such exposure. Coatings based on Desmcdur-Desmophen
technology meet thisg need.

Chemical agent resistant polyurethane coatings {CARC) are specified
under MIL-C-46168. This specification calls for an aliphatic* system
whose components musgt be kept separated until shortly before application.
Component A ig a prepolymer congisting of phthalic anhydride combined with
trimethylol propane disgclved in a solvent. This component also carries
the pigment called out in the specification. The second component (B) is
an aliphatic polyigocyanate, dissolved in a solvent. Components A and B
are mixed in a 4:1 ratio to yield a product meeting the =pecification,

MIL-C-46168 polyurethane coating can be applied by spraying apparatus
which mixes the componentg, in the required proportions, in the nozzle
head. The surface being coated must be thoroughly cleaned and

* Military polyurethane coatings are based on aliphatic
polyigocyanates. This results in improved properties compared to the
aromatic polyurethanes that were the basis of a2 lot of the early work
on polyurethane coatings.
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Fig. 37c. MOISTURE-CURING POLYURETHAKE REACTIONS

pretreated. The standard polyurethane cocating system consists of an epoxy
primer, followed by the polyurethane topcoat. It is not necessary to usge
elevated temperature baking to cure either the epoxy primer or the
topcoat, becaugse they cross-link at normal temperatures. This means,
however, that neither of these coatings may be allowed to sit very long

after mixing the components.
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MIL-C-46168C calls out. 25 colors, Soeme colors are camouflage-tyrpe.
The pigments may meet one ¢f two standards: Type I calls for standard
formulation for all colors. Types II and III call for lead- and
chromate-free pigments. Type IIIl isg a specification for reduced volatile
organic compuonent solvent formulation,

The driving force behind development of polyurethane coatings for
military applications is registance %o chemical agents. Alkyd topcoats
readily absorb toxic agents, and decontaminating solutions (i.e., DS-2)
will strip the coating off the surface. PFPolyurethane topcoats are not
given to absorbing toxic agents. Also, one can decontaminate a
polyurethane-coated surface with standard decontaminating agents. The
aliphatic polyurethanes also offer excellent durability in other areas.
Disadvantages :nclude the following:

) Sengitivity to zurface preparation -- stringent gqual:ty control
required
o Y¥eed to mix two componernts
Texicity of di-isocyanate compounds
o Difficulty of applicat:ion in the field (Repairing a damaged
coating could be difficull)

These disadvantages can be overcome with experience, and the
advantages of not being “siripped’ during NBC training (or actual
warfare!} maxes polyurethane coatings worth their added expense and
difficulty.

2.4.1 Dre - Component Folyurethane Coatings. There are techniques by
which polyurethane coatings can be offered in one package instead of two.
Moisture curing formulations consigt of a polyhydroxyl material reacted
with excess polyisccyanate to form a prepolymer with excess -NCO groups.
This prepolymer must be protected from mcisture at all times, until it 18
applied to the gurface besing ccated. Then, moisture normally in the
atmogphere reactz with free -NCO groups to form amine groups. These then
react with other free -NCO's tc cross-link the prepolymer 1ntc a resin
with the desired properties (see Fig. 27C).

locked, or "disguized’ polyisogcyanate systems, use a Lemporary
blocking agent, notably phenoli, to react with free ~-NCO groups of an
isocyanate adduct or prepoiymer. This 18 mixed with -OH bearing
components and pigments, solvenis, and catalysts to make a one-component
coating. Because the -NCO groups are blocked, no reaction occurs in the
container. When applied to the surface being coated, the coating must be
heated to a temperaiure high enough to break the blocking agent away from
the -NCC bearing component. The biock:ng agenit evaporates. Isocyanate
groups, now free, form urethane lirkages In a manner gimilar to iwo-part
systems. " Blocked®™ polyurethanes suffer the disadvantages of requiring
aigh temperature (154C for pheroi-biccked systems) baking, and the need to
dispese of the vaporized blocking agent,

In addition to the above, polyfuncticnal isocyanates can be uged in
conjunction with drying o1l derivatives to yield urethane oils, or
“uralkyde’. These have been used :n varnishes and enamels.
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There is a military specification for a one-component, aliphatic
polyurethane, chemical agent resistant coating. MIL-C-53039 (ME) is a
lead-and chromate-free, low VOC solvent coating based on aliphatic
polyigocyanate reacted with an -0H terminated prepolymer., The resulting
material iz such that when applied to a surface, moisgture {rom the
atmogphere completes the film-forming process. Moigture-curing,
one-component polyurethanes tend to have limited shelf life.

One ceoatings manufacturer haz attempted to zell the Army on the merits
of a low VOC, blocked isocyanate one-package coating. This material uses
3.5 lb./gallon of velatile organic golventg at an application viscogity of
25 seconds (Zahn #3). It must be baked for 20 minutes at 325F.

Polyurethanes have an agsured future in the Army, because they are the
only topcoating materials which have proven ability to meet CARC
requirements. CARC coatings have been mandatory since Oct. 1985 for all
combat zone equipment. As far ag the author knows, 2-component
polyurethane (MIL-C-46168) and moisture-curing one-component urethane
{MIL-C-53039) are the only exterior topcoat materials which meet CARC
requirements and, at the same time, do not require high temperature
baking. A

Polyurethane enamel® have long been uded on aircraft, which require
gsmooth coatings for good aerodynamic efficiency. Aircraft coatings musgt
also resist abrasion. On both points, the urethanes outperform other
coatings. The automotive industry has also taken notice of the
poggibilities offered by these coatingsg.*

In terms of resistance to chemicals, sunlight, and abrasion,
polyurethanes may well be called the king of topcoating materials.

8.5 Other Regina.

8.5.1 Urea- and Melamine - Formaldehydes. Urea and melamine (zee Fig.
58) are amino compounds used for various purposes in the polymer

industry. In surface coatings, urea-formaldehyde and
melamine-formaldehyde resins have been used in baking enamels. Generally,
melamine-formaldehyde is a higher performance material than
urea-formaldehyde.

A once-popular baking enamel for consumer goods congists of specially
formulated alkyd regin fortified with 20 %o 35 percent
melamine-formaldehyde resin. Such enamels had found wide acceptance for
finishing appliances where detergents (washing machines) or food chemicals
(refrigerators) will attack cheaply made coating materialg. A number of
federal alkyd enamel specifications call for 20% melamine-formaldehyde as
a fortifier. Such enamels are baked after application. The melamine
allowz it and performance demands it.

* Polyurethane Coatings Help Solve U.S. Automotive Paint Challenges,
page 36, Modern Paint and Coatings, July 1987,
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Fig. 58b. MLLAMINE. Used as the basis for
umany croge-linkers for epoxies,
alkyds, acrylics, etc.

At one time, melamine~fortified alkyd baking enamels were used as
automotive topcoats. Melamine-formaldehyde and melamine-alkyds have also
been used in nitrocellulose finishegs. Urea and melamine can cross-link
epoxy resing, and melamine can combine with acrylic polymers to make

acrylic baking enamelis. '
MIL-E-52835A (Enamel, Modified Alkyd, Camouflage, Lusterleszss) covers a
forest green camouflage enamel consisting of phthalie anhydride/drying oil
alkyd regin modified with 20 percent, by weight, of butylated
melamine-formaldehyde resgin. The latter ig a cresg-linking resin which
pelymerizes only under baking heat. Typical baking parameterg: 30

minutes at 300F {(149C).
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8.5.2 Phenolg. Fhenol CgHeOH and its derivatives
(i.e.,paraphenylphenol) can combine with formaldehyde and polymerize.
Phenol-formaldehyde resin, introduced in 1909 by Leo Baekeland, was our
first truly synthetic material.

Oleoreginous film-formers, uszing substituted phenolz to form the regin
and tung oil as the oil component, are clasgics in the history of
varnishes. Phenolic-tung cil coatings can withstand salt water spray, and
therefore make good marine spar varnishes.

The surface coating indugtry has utilized phenol-based resina in a
number of forms. Thermoplagztic phenolic resins are used with oils to make
air drying varnigshes. Low molecular weight thermosetting phenols are
blended with oils and golvents to make baking varnishes and enamels.
0il-free phenol-formaldehyde resin can crosg-link epoxy molecules.

Highly polymerized phenolic reginz can be modified with natural resins
to make them oil-goluble. Resgin-modified phenolic resin, blended with
drying oil, was the bagis for the "four hour’ enamels commonly used in the
1920'e and early 1930’3, before alkyds were adopted.

Phenolic coating materials have proven their ability to protect brake
agsemblies from salt water corrogion. (Flandermeyer, Tegt of Methods for
Protection of Brake Assemblieg from Salt Water Corrogion, Ft. Belvoir,
1968.)

B.5.3 Vinyl Resins. The term "vinyl® refers to any monomer with the
molecular structure shown in Figure 59. Like ethylene, the vinyls {(which
are gimply substituted ethylenes) form polymers under the right
conditions.

ARBITRARY RADICAL (May be
chloride, acetate, etc.)

H
l
(=———
!

Jl—-(")-—::

Fig. 59. CENERAL STRUCTURE OF VINYL RESIN

Polyvinyl Chloride (PVC) is a widely ugsed plastic. Highly polymerized
PVC is tough, hard, and regists moisture and many chemicals. However,
coatings chemists do not usge PVC by itself because it does not digsolve in
commonly used solventg, and is brittle. Alsgo, PVC tends t¢o decompose when
subjected to heat.

Particles of PVC, susgpended in a plagticizer along with stabilizers,
ig the basis for "plastisol’ coatings. This system was investigated,
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along with sther coabtings, for protecting high-strength steel torsion
bars.* Plastisol coatings proved more cost-effective than a 2~component
polyurethane elagtomer coating, and exhibited the necessary flexibility.
adhegion, abrasion and impact regigtance, and registance to diesel fuel.
PV¥C-plastizols for metal coating are gpecified under MIL-P-20688C. They
mugy be applied to properly primed surfaces, and baked at 325F (163C) for
15 minutes.

A common commercial automotive application for PVC - plastisol isg to
protect vulnerable areas of motor vehicles from stone and gravel damage,.

Becauge PVC by itgelf ig brittle and difficult to golvate (diss=olve],
coatings chemistg copolymerize vinyl chloride with other vinyls, notably
vinyl acetate and vinyl alcohol. Solution - type vinyl resins are mostly
vinyl chloride, with other monomers added so the resin will dissolve in
carrier golvents. These resing have been used in anticorrosion primers
and antifouling topcoats for ships. They can be used by themselves, or in
combination with alkyds.

Other vinyls include vinylbenzene (gtyrene), polyvinlformal, and
polyvinyl butyral. The lagt is the film-former in "wash® primers, and
algo serves ag the flexible layer in safety glass.

8.5.4 Acrylics are a subcategory of the vinylg. They are derivatives of
acrylic acid or methacrylic acid (See figures 60a and 60b). Polymethyl
methacrylate (figure 60c) serves the plasticg indugtry as a transparent
polymer. Acrylic compounds also gerve as adhesives,

Acrylics are versatile workhorsges in the gurface cecatings industry.
They have been used in lacquers, enamel=, high-solids enamels, waterborne
latex painte, electrophoretic primerg, and powder coatings. In the
automotive industry, acrylic enamel® have replaced every other basgsic resin
type for topcoating purposes. Only polyurethane enamelg and
polyester-bazed powder coatings threaten their supremacy.

Lacquers based on thermoplastic acrylic resing were, at one time,
widely udged as automotive finishing topcoats. Eventually, lacquers were
guperceded because their high soclvent content created air quality
compliance problems,

Thermogetting acrylice are ugsed in baking enamels. The practice here
ig to form a linear copolymer with two or three monomers, one of which is
an acrylic capable of engaging in cross-linking reactions. Melamine or
urethane cresglinkers can be used to form a polymer network.

Non aqueous digpergion (NAD) acrylic enamels use resin dispersed,
rather than digsgolved, in an organic carrier. This allows higher solids
for a given application viscosity than solution-type coatings.

Finally, acrylics can be adapted to waterborne baking enamels.

A typiecal high-performance finighing system for commercial automobiles
startg with phoaphate treatment, and i# followed by cathodic
electrophoretic primer. The primer ig then baked. The topcoat congisgts

¥ Austin, Avery J., N.F. Hayes, and K. Navasaitis, Improved Ccating
System For High Strength Steel Torgion Barg, U.S. Army TACOM R & D
Center, April 1881,
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of two layers: A pigmented acrylic/urethane enamel color coat, and an
unpigmented acrylic enamel clear coat, The clear coat protects the
underlying pigments from gunlight and environmental chemicals.

8.5.5 Polyesgters. A polyester is any polymer formed by condensation
polymerization of polyfunctional acids and alcohols. Insofar as alkyd
regins consist of bifunctional acids and polyfunctional alcohols, they are
polyedtersg in the strict technical sense.

Polymer chemists use the term "polyester” to describe oil~free systems
in whieh the alcohol components, or acid components, or both, have
unsaturation points go that linear chains can be cross-linked to form
regin systemg. The crogs-linker may be a vinyl gubstance (i.e., s2tyrene),
an isocyanate (urethane - polyester), melamine, or a low molecular weight
epoxy.

Polyester reginsg serve the plagtice industry as a matrix material in
fiberglass reinforced compoaitesz. For surface ¢catings, polyesters can be
effectively uged as powders.
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8.,8.,86 Bilicones are baged on the molecular gtructure shown in Figure
81. Silicone polymers can be cold-blended or chemically combined with
other resins to make coatings with special properties. Combinations of
gilicone resin and baking-type alkyd are suitable binders for white
enamels for surfaces subjected to temperatures up to S00F (260C).
Silicone intermediates can chemically combine with alkyd and other resgins
to improve their properties, particularly for high-temperature
applications. Aluminum-pigmented, gilicone-modified enamels could be used
to advantage in parts of military vehicles exposed to high temperatures,
i.e., gag turbine-powered main battle tank exhaust grille=s.
Silicone-alkyd enamelsg have been used with succesg for finighing the
topgides of ships, an application requiring resistance to ultraviolet
radiation, salt spray, and temperatures fluctuation.#®

Fig. 61 SILICONE STRUCTURE

Straight silicone reging are used mainly in special high temperature
applications. Such resfins, when aluminum pigmented, have been used on
surfaces exposed to temperatures on the order of 1000F (538C).

Bilicone compounds, added to paintg in 2mall amountg, improve flow
properties during application.

Binders, like structural and adhesive polymers, have been made in
endless variety. There i2 much a chemigt can do to "play around™ with
various systems. Accordingly, only a general outline can be given here.
The various coating reging discussed in the preceding paragraphs hopefully
will provide the engineer with an appreciation of the variety of organic
coatings at his or her disposal to protect metals from corrogion.

8.6 Non - Traditional Coating Systems. Organic coating systems using a
binder dissolved in an organic sclvent, %o which pigments, driers, and
other ingredients are added, are traditional coating systems. The problem
with traditional coatings is that they assume the user ig at liberty to
use the atmogphere as a dumping ground for organic scolvents which, once

* A Guide to Silicone Coatings for Metal Products, Metal
Finishing, June 1982, Page 49.
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evapoerated, serve no further purpose. Today, there are laws in every
gtate restrieting volatile organic component (VOC) emissions resulting
from gsurface coating operations.

Nen - traditional coating systems are those that gseek to eliminate {(onr
greatly reduce) organic solvents, to comply with air pollution
regulationz. These systems include:

1. High Solids coatings
2. Waterborne coatings (including electrophoretic systems)
3. Powder coatings.

B.6.1 High Solids Coatings seek to meet VOC regulationg by using no more
organic solvents than are allowed for a given type of coating.

Meeting VOC regulations via solvent level reduction is difficult. If
the legal limit on VOC's is 2.8 Lb per gallon, the coating must contain
 62% solids. A 3.5 Lb/gallon VOC limit meany approximately 50% solids. By
comparison, traditional coatings contain 25 - 30% solids.

Binders used in coatings are viscous, if not outright solid. The need
to reduce viscogity so the uger can apply a high quality coating, isg the
reason solvents were uged at traditional levels in the first place.
Referring to Figure 62%, the viscosity of a polymer solution increases
with the percentage of zolids and the molecular weight of the digsolved
solid pelymer. Note that viscogity greatly increages when going from 25
to 60% solids.

Generally, high solids content may be attained by using a low
molecular weight binder material, or by heating the coating material
before application to reduce viscogity. The former approach means
enhanced dependence on post-application polymerization to develop desired
film properties. The automotive industry uses in-line paint heaters to
heat high solids acrylic enamels to 100 - 120F (38 - 49C) to lower the
viscogity before spraying. This approach may not be a good idea for
two-component coatings, which may prematurely react in the spraying
apparatug if heated,

In gpite of the technical difficulties involved, coatings
manufacturers now formulate coatings with up to 60% solids. The military
gpecification for 2-part polyurethane coatings has been rewritten to
specify reduced VOU formulations, MIL-C-46168D, types III and IV,
restrict VOC's to 3.5 1bs. per gallon (420 gram/liter).

Some coating manufacturers and users have attempted to meet federal
and gtate air quality requirements by using non-photochemically reactive
sclvents. An example of such a solvent is 1,!,l1 Trichlorcethane. This
solvent, however, is expensive, and it is possible that chlorinated
golvente may not be permitted in the future because of other ecological
effects. MIL-C-46168D, type III, allows chlorinated "compliance”™ solveni.
Type IV does not allow these solvents.

* Paul, Swaraj, Surface Coating: Science and Technology, Wiley-
Interscience, New York, 1985, page 704.
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A subcategory of the high-golids approach is radistion cured coatings.
The idea here ig to uge low molecular weight monomerg or oligomers (iow

mol. wt. polymer) that are liquid at normal temperatures, and are not too
vigcous. Thig eliminates the need for solvents during application, The
ceating material is applied to the surface being coated, and irradiated
with ultraviolet radiation. The molecules then link together and form a
cured coating film. Radiation curing suffers the disadvantage of
requiring ultravioclet accesgs to all areas of the part being coated. Also,
the radiation has to penetrate the entire thickness of the coating.
Nonetheless, radiation curing may well offer advantages as VOC regulations

are progregsively tightened.

8.6.2 Waterborne Coatingg wuse water ag the sole thinner, or the major
component of an overall thinning system containing some organic solvent.
Waterborne gystemg eliminate, or greatly reduce, VOC emis=ions. The result
iz freedom from air quality compliance hassgles®, and reduced fire hazards.
There are two ways a pigment/binder system can be thinned by water:
as a dispersion or as a golution. A dispersion-type waterborne coating
system congigts of very small particleg of resin and pigment digpersed in
water. The "latex' family of architectural paints are dispersions. Early
latex paints were dispersions of styrene-butadiene polymer formed by
in-gitu polymerization of the monomers in water. Pigments were then
added, along with surfactants, thickeners, protective colloids, and
preservatives, When applied to a surface, the water evaporates. The
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styrene-butadiene particles then coalesce, along with the pigment
particles, to form the paint film.

Today, latex paints use other resins, notably vinyl acetate-baged
polymerg, and acgrylic resina. The latter are uged in the beat latex
paints. Latex gystems offer advantages for architectural painting. They
do not emit noxious vapors, nor create fire hazards. Water cleans up
accidental gpilla. An important advantage of dispersionsg is that
vigcogity iz independent of the molecular weight of the dispersed resin
particles. A disadvantage of digpersion-type waterborne coatings is lack
of inherent freeze-thaw stability.

Solution-type waterborne coatings ude resing modified to make them
water soluble. The classical technique ig to adduct a reain with an
acidic molecule, or formulate a resin with acid groups (-COOH) in its
gtructure. The regin is subsequently reacted with ammonia or an amine to
form a water-goluble #alt. The ammonia or amine evaporates when the paint
drieg. The depogited redin may be a crogs-linking type which is baked to
develop the desired film propertiez. Many gystems of this type usde water
-migcible organic liquidg to act as co-golvents to reduce application
vigcogity. A coating system of this type is actually a high-solids
organic-solvent coating formulated so ag to be water-reducible. The
percentage of golide without the water determines whether the material
complies with applicable gtate and federal VOC regulations. A number of
regins can be made water-soluble, including alkyds, acrylics, polyesters,
and epoxies.

Early generation waterborne industrial coatings suifered a2 number of
disadvantages, such as flash rugting of steel surfaces, limited sztorage
life, and reduced performance compared with traditional coating materials.
Theze problemg have been reduced with third-and later-generation
waterborne ceoatings.

For military purposes, perhaps the biggest problem is that water
reacts with free ~NCO groups. This means that polyurethane CARC coatings
cannot be waterborne, unless they are the "blocked” type. The latter have
to be baked, and this is not convenient for armored vehicles with their
large thermal inertia. There are waterborne epoxy primers (i.e.,
MIL-P-53030) which, though requiring organic co-sgelvent, meet VOC
regulations not more stringent than 2.8 lbs. VOC per gallon.

A word iz in order about VOC limits. An air-drying coating iz legally
defined as requiring temperatures no higher than 194F (90C) to develop the
desired film properties. Coatings requiring higher temperaturesg are
legally defined as baking enamels. The latter have lower legal VOC limits
than the former. In California, the legal VOC limits are 2.8 lb/gal (336
gram/liter} for air-drying coatingeg, and only 2.3 lb/gal (276 gram/liter)
for baking enamelg. The latter means 69% sclids. Meeting this stringent
a VOC limit is prohlematical, unless water or some acceptable
non-photochemically reactive g2olvent can be used to thin the material to a
reagonable application viscosgity.

8.6.3 Powder Coatingg are 100% solid. These coatings have found an
increaging number of applications in recent years because of federal and
gtate VOC regulations. Powder coatings have other advantages besides VOC
compliance. Their non-use of golventsz means one does not have to allow
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{for polvent vapore when baking article to cure the coating. Powders,
unlike solvent-borne coatings, do not generate messy sludges to cause
wagte-disposal problems. Powder transfer efficiency (percentage of
material that ends up on the article being coated) is as high as 95%.
Powder that failg to reach ite target isg often reusable. A variety of
items have been succegsfully powder coated, ineluding the following:

6 Consumer goods2 (i.e., refrigerators, air conditioners, etc.)
o Aluminum architectural items
o Metal furniture

In the automotive indugtry, powder coatings can protect the following:

Coil springs

Wheels

Underhood components

Chaggis componentg; i.e., axle casgings

o Q0O

Powder coatings have been used ag intermediate or “primer-surfacer’
coats for emall trucks and recreational vehicles2.* The powder ig applied
over a cathodic E-coat primer. This provides a gsmooth surface for the
final topcoat, which is a high-solids acrylic enamel.

Clear and pigmented powder coatings can protect aluminum wheels, The
user may color-match pigmented powders to the vehicle they are installed
on.

If powder coatings are to be used for topcocating military vehicles,
they will have to meet CARC requirements. If such a powder is possible,
it could be uged to advantage on a number of vehicle components.
Factories applying powder coatings would be free from solvent problems,
and also would not have to worry about the viscozity problems of
high-solids solvent-borne coatings. A powerful advantage is that powder
coatings, in many casges, do not require a primer.

Disadvantages of powder coatings are as follows: First, they have to
be baked at temperatures ranging from 250 to 350F%x {121 to 177C). This
would be a problem for armored vehicles, or for materials not able to
withgtand the temperature. Second, if powder is applied by electrosgtatic
gpray, there may be a problem with gharp internal corners becauge of
“"Faraday cage’ shielding effects.

Powder coating materialg are thermoplastic or thermosetting. The
former include plagtic materials such as polyethylene, polypropyiene,
nylon, and peolyvinylchloride. Thermoplastic powder cocatinge do not
compete with liquid coatings. They are used in applicationg requiring a
thick layer, i.e., 5 to 40 mils. (0.127 to 1.016 mm).

* Metal Finishing, February 1987.
% * The coatings application engineer may use higher temperatures to
ghorten baking time.
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Thermogetting powders are the materials used in applications such ag those
described above. The following resins are uged in thermosetting powders:

Q Epoxy
o Thermogetting polyesters:
-urethane - polyestier
-triglycidyl isocyanurate (PGIC) - polyester
-epoxy - polyester hybrid
o Acrylic
-usually urethane-linked.

Epoxy powders are the workhorse of the powder ccating industry. They
offer good adhesion and corrosion protection. Unfortunately epoxy powder
coatings, like other epoxy materials, cannot withstand ultraviolet
radiation. Therefore, they are not recommended for exterior topcoatings.

Thermosetting acrylic powders have been used in applications that
previously used liquid acrylics. Acrylic powders have been used as
automotive topecoats in Japan.

One can use thermosetting polyegter powders to powder-coat aluminum
wheelg.* The mogt sSuccessful polyester for this purpose is cured with a
cyclicized isocyanate called triglyecidyl isocyanurate, or TGIC.
TGIC-polyester i3 aldo the powder material of choice for architectural
purposes, as it can withstand external exposure very well.

Fluidized beds and electrostatic gpray gung are the mest common
methods of applying powder coatings. The former lends itself to automated
production-line coating (gee Figure 63xx), while the latter apprcach iz
best for large items.

8.7 Electrodepogsited Polymer Coatings. If 2-component, aliphatic
polyurethanes are the king of topcoat materials, then modern
electrodeposited {a.k.a., electrophoretic, E-coat, Elpo) coatings can lay
claim to the same status among primers. The E-coat process can apply
l-coat finishes which are sufficient for some applications, but is mosi
famous ag a method for applying primer coatings to motor vehicle bodies.

Electrodeposition ig a dip, or immersion process, whereby the object
being coated iz immergsed in a liquid medium. The process resembles
electroplating, in that a current of electricity depositsg coating material
from the medium onto the surface of the object. The surface need not
neceggarily be metal, but it must conduct electiricity for the process to
work.

Unlike nickel, chromium, apd other metals, elecirodeposited polymers
do not conduct electricity. Accordingly, E-coat ig2 a self-limiting

* Wesgon, J., Colorful Future For Aluminum Wheels, page 54, Products
Finishing, December 1986.

#¥ Uger's Guide to Powder Coating, Association for Finishing Procesges
of the Society of Manufacturing Engineers, Dearborn, MI, 1985, page
971,
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Fig. 63. A FLUIDIZED BED, ELECTROSTATIC POWDER
COATING SYSTEM FOR PRODUCTION LINES.

process. Once a film forme to a certain thickness, it# inaulating nature
curtails further growth. As a result, E-coat primers seek out all areas
of an item, including nocks, crevices, and boxed-in areas that spray-type
primers often mias.

E-coat materialg are solution-type waterborne polymers, using some
organic golvent. They comply with all VOC regulations, and do not create
fire hazards. Other advantages include:

o Efficient utilization of materials

Applicability to automated production lines

© Rapid deposition of material, gimultanecusly over the entire
surface being coated. Films deposited in 1 to 2 minutes.

o Uniferm build, with no runs, sags, or beads. '

o Any conductive object that will fit into a given tank can be
coated.

O

The firgt electrodeposited polymers were anodic, whereby an automobile
body or other item was made the anode in an electrochemical cell
congisting of it, a cathode, and the coating medium (see Fig. 64a).

Today, the automotive indusiry uses cathodic E-coat primers, which deposit
on the cathode (see fig. 64b). Cathodic materials have proven guperior to
anodic¢ materials in corrogion protection. The reason anodic E-coat
primers were ugsed in the first place was because they are a logical
extension of claszical water-soluble resin technology.

Recall that if a polymer has organic acid {COOH) groups hanging onto
its structure, these groups will combine with ammonia or amines to form a
water-soluble galt. When a polymeric substance of the type R-COOH is
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dispersed in water made alkaline with ammonia (NHs) or an amine

(NR'Hz), thiz is what happens:

R-COOH + NH3, NR'Hz (ag)} ----- > RCOO™ + NH.*, NR'Ha* (aq).

The polymeric macro-iong, RCOO-, behave like any other negatively charged
ion or particle, migrating toward the anode in an electrochemical cell.
When they reach the anode, the RCOO- iong participate in thege reactions:

Hz0 ----3 1/20z2 + 2H* + 2e~

RCQO~ + H* ----> R-COCH
The macroiong, thus neutralized, coagulate and form the coating. Thig is
the procesg first used in the early 1960's by the Ford Moior Company when

they pioneered electrophoretic primer depogition for motor vdhicle bodies.
Other manufacturers alsc adopted this process.
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Early anodic E-coat materials demonstrated the ability of
electrophoregig to drive the polymer into cracks and crevices.
Unfortunately, the early materialg were not all that good. What was
accomplished was superior application and utilization of mediocre
materials. Chemists later developed better materials, and
electrodepogition of peolymerg found increased application and sales volume
during the 1960's. Later-generation anodic E-coats were better than the
tiret guch materialsg.

Unfortunately, all anodic E-coat materialg suffer from basic
limitations. Anytime one makes a metal object the anode in an
electrochemical cell, some metal i3 going to be dissolved. The metal ions
are then incorporated into the coating film as oxides, or as compounds
with the polymer. Alsgo, the polymer R-COOH tends to be acidic, and this
ig not good for corrosion resistance.

Accordingly, R & D organizations gought methods of modifying polymers
te form positive macroionsg in aqueous golution, so the item being coated
could be made the cathode instead of the anode. The clagsical technique
for accomplishing thieg is to graft an amine-~type molecule onto the polymer
structure, forming a macro-amine with the general formula R;RaR3N
(zee fig. 65)., When dispersed in water whose Ph is adjusted to the acid
gide (less than 7), the polymer forme positive macroiens:

RiRzRsN + HX (aq.) ----> RiRaRaNH*® + X—,

where HX is an organic acid, i.e., acetic (see Fig. 66).

When the object to be coated is immersed in the medium and made the
cathode, the polymer ions drift toward it, are neutralized, and form the
film.

In cathodic E-coat sygtems, the item being coated is not attacked by
the golution becausge it ig held at a negative potential -- it is
cathodically protected. Advantages of cathodic E-coating over
corregponding anodic processes are ag follows:

No bare metal attack

Phogphate coating® not didgsoclved

No metallic salts in deposited films
Improved corrogion protection.

Q0 O 0O 0

The last advantage is because the polymer itgself ig alkaline rather
than acid, and therefore gerves ag a corrogion inhibitor.

Development of polymers suitable for cathodic electrodeposition was
difficult. Early materials had poor throwing power. Thesge problems were
solved, and today's cathodic E-coat technology offers the aforementioned
advantages over anodic electrodeposition plus the advantages of E-coat in
general., All automotive manufacturers now use cathodic E-coat for
applying primer coatings to motor vehicle bodies.

At pregsent, iwo rezins have been developed for cathodic E-coat
gystemg: epoxies, and acrylics, The former are guperior as primers,
offering better corrosion protection than acrylics. The latter have
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superior ultraviolet and weathering resistance, and are therefore used as

topcoats.
The latest development is “high build” cathodic E-coat formulations.

These develop coating films approximately 30 microng (1.2 mils.) thick,
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rather than the 15 microns (0.6 milg.) characteristic of the first
cathodic E-coat materialsg.*

Electrodeposited polymers have to be baked, because they rely on
crosg-linking to develop their properties. Anodic resing employ
melamine-basged crosg-linkers, while cathodic resing use a blocked
igocyanate (urethane) crogg-linking mechanism. When baked, the isocyanate
unblocks, cross-linking the resin to form a network polymer.

E-coat materials can be pigmented. Epoxy materials are usually black,
gray, or brown. Acrylics can be pigmented so asz to provide a variety of
colors. ‘

To provide the reader with a feel for the characterigtics of a typical
cathodic E-coat epoxy primer, data sheets from one of the leading
suppliers are provided in Figures 67 through 69.

Disadvantages of E-Coat Systems. While cathodic electrodeposition has,
much to offer, it also haz disadvantages, which may be summarized as
follows: '

High capital cost

Limited film thickness

Limited to conductive objects
Not easy to change colors

VOC not zero

Deposited films require baking

o0 Q0 Q00

The high capital cost ariges from the large tanks and complicated
systems required. Cathcdic E-coating requireg careful control of bath
chemistry, and sophisticated ultrafiltration gystems to achieve the high
materiale utilization efficiency theoretically posgible with this system.
Accordingly, E-coail systems are economically justified only where there isg
a large number of itemsg to be coated. In compensation, E-coat systems
are not sensitive to changes in item shape or configuration. Provided the
tank is big enough, one can ugse the system for "“jeeps” or 5 ton trucks.

Limited film thickness arisea from the self-limiting nature of polymer
electrodepogition. Today's high-build E-coat primers deposit 1.2 mils.
(30 microns). This enables automotive manufacturers to eliminate the
surfacer coat from body finishing operations.

Nonethelesd, electrodepogition ig pretty much limited to about 1.5
mils. This ig one reason why gpraying is employed for the basecoat and
clearcoat layers of high-performance finishing systems, after
glectrodeposition hag applied the primer,

The requirement for electrical conductiviiy means non-metallic (i.e.,
plasticeg, fiber-reinforced composites) items cannot be painted by
electrodepogition, unlegs the surface is made conductive.

¥ Loop, Federich M., High Film Build Cathodic Electrodeposition Provides
Improved Corrocsion Protection. SAE paper 831813, in SAE Special
Publication P-136, page 35. :
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APPLICATION DATA

MATERIAL NAME:

SUPPLY CODE:

DESCRIPTION:

SUBSTRATES:

PRETREATMENT :

COLOR:
GLOSS:
FILM THICKNESS:

HARDNESS :
COATING VOLTAGE:

ELECTRICAL EFFICIENCY:

BAKE CYCLE:

VOC:

COVERAGE:
HEAVY METAL CONTENT:

POWERCRON® 600

P600-611

Gray Cationic Epoxy Electrocoat
Properly Cleaned and Treated Cold
Rolled, and Hot Rolled and Stainless
Steel; Galvanized and Zinc-alloy
Coated Steel; Aluminum, Magnesium,
and .Zinc Die-casting.

Various

Light Gray

Medium

0.5 - 1.5 Mil

" 2H Minimum

150 - 400 Volts

2.0 - 2.5 AMPS Per Ft.? Per Minute Per
Mil

20 Minutes at 350° F Metal Temperature

1,1 Pounds Per Gallon Minus Water
(131 Grams Per Liter)

529 Ft.? Per Gallon of Feed

None

Fig. 67. A TYPICAL CATHODIC E-COAT MATERIAL
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OPERATING PARAMETERS

GRAY POWERCRON® 600 P600-611

SOLIDS:
P/B RATIO:

PpH:
CONDUCTIVITY

SOLVENT: TOTAL:
" " BUTYL CELLOSOLVE:
. DOWANOL PPH:

BATH TEMPERATURE:

ANOLYTE CONDUCTIVITY:

DEIONIZED WATER CONDUCTIVITY:

PRE-RINSE CONDUCTIVITY:

16.0 - 20.0 + 1% (105° ¢)

0.30 £+ 0.05 (Correction Factor
= 1.00)

6.15 £ 0.15

10600 - 1600 + 100 Microhos

1.0 - 3.0%

0.8 - 2.0%

0.2 - 1.0%

70 - 100 F £ 2° F

300 - 2000 + 100 Micromhos
10 Micromhos Maximum

50 Micromhos Maximum

Note: Bath Solids, Conductivity, Solvent and Temperature
Parameters are Set According to Film Thickness and

Throwpower Requirements.

Fig. 68. A Typical Cathodic E-Coat Material
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CHEMICAL ANALYSIS
GRAY POWERCRON® 604

P620-611

PAINT PERMEATE
pH 6.8 - 6.3 5.5 ~ 6.8
CONDUCTIVITY 1000~169¢ ushos 8661200 umhos
SOLIDS 19 - 26 § B.2 - 8.4 %
RESIN 1 8-15% 6.2-8.41%
PIGMENT 2 2-54% 50 - 180 PPM
SOLVENT 3 1.5 -2.51% 8.5-15%
SOLUBILIZER 4 8.2-8.5% 6. 8.2 %
WATER B6-85% 9 - 99 §
CHROME None None
LEAD None None
PHENOL 5.0 - 10.0 PPM 1.0 - 5.0 PPM
BOD,/C0D 306, 900-589,800 Pev 10,000-58,00¢ PPM

Modified Epoxy/Polyurethane

Aluminum Silicate, Carbon Black, Titanium Dioxide
Glycol Ethers

Lactic Acid

L RPN U

FPigure 69 A Typical Cathodic E-Coat Material
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ANCLYTE

304-208 umhos

308 - 1940 pPPM

25@ - 750 pPM
18 - 28 ppM
¢.05 - 2.1 %
8.2 ~-0.5%
99.0 - 99.5 %
None

None

6.1 - 1.0 PPM

5; ﬂﬂﬂ-lﬂ F ede PPM
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When using E-coat for the final finish, it ig not eazy to change
colors because of the large inventory of material in the tank and
agsociated piping.

VOC emissions are low. However they are not zero, because E-coat
formulations use some organic components (about 1.2 lb/gallon, or 144
gram/liter) as cosolvents.

The need for baking iz partly compensated by the fact that
electrodepogited films have low moisture levels due to a phenomenon called
electro~osmosis. This meansg that one does not expend much energy
vaporizing water and cosolvent. Nonetheless, items with large thermal
inertia (i.e,, a main battle tank) will require a lot of energy to heat to
baking temperature, which is I50F (177C) for a typical cathodic epoxy
electrocoat primer.

As with any coating process, the engineer can help electrophoretic
priming to do its job better by deszigning structures so ag to accommodate
the process. Access holes will allow the primer to find itg way into
boxed-in areas. Because the part or gtructure is immersed into a bath,
care should be #¥aken to prevent entrapped air bubbles from interfering
with the deposition process. ’

Cathodic E-coat ag a Final Finishing Process.* If the finishing
requirement for an item can be satisfied by an organic film whose total
thickness is 1.4 mils. (35 microns), the engineer might want to consider
cathodic acrylic E-coat. An example ig truck refrigeration units
(Products Finighing, November 1986, page 54). The units receive a zinc
phosphate pretreatment, followed by 1.3 mils. of white acrylic E-ccat
enamel. The enamel is baked for 30 minutes at 360F. The result is a high
quality finish whose ultravioclet resistance ig excellent, and whose =alt
spray registance is adequate for that application. It is doubtful such a
procedure would be adequate for military vehicles, which operate in
hargher environments and are required to have a topcoat meeting CARC
standards,

8.8 Autophoretic Depogsition--The Next Wave?x=x Just ag there is
"electrolegs” nickel, there ig likewise an “electrcless” polymer
deposition processg. Like anodic and cathedic E-coat, autodepesition is a
waterborne, dip-type process. At the time this was written, autophoretic
depcsition works only with ferrous metals.

The chemigtry of autodeposition (AD) representsg a fugion of
phosphating/chromating, and latex paint technology. In fact, the
corporation that commercialized this procesg, Amchem Products, Inc., is a
leading manufacturer of metal pretreatment systems. The polymer material
ig digposed as a latex-type disperzion, along with pigmente, in water
containing hydrofluoric acid and hydrogen peroxide. The acid and oxidizer

* Jozwaik, E.L., Cationic Acrylics: Electrodeposition's Topcoats., SAE
paper 862019, in SAE page 188.

L3 Holyk, Nestor M. and Thomas C. Jones, Autodeposition of Organic
Filmg--Some Unique Applications., SAE paper 862020, in SAE Special
Publication P-188.
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etch the surface in a manner gsimilar to what happens in a phosphate or
chromate pretreatment. Because autodeposition depends on thig etching
action, items to be coated are not phosphated beforehand, as they are with
other organic coatinge (including electrodepogition).

The ferric ions formed by this controlled attack, react with the
nearby latex particles and cause the latter to deposit on the surface.
The film forms in ! to 2 minutes, and ig from 0.3 to 1.0 mils. thick.
'Autodeposition wag introduced in 1875, and has progressed to Generations
iI and III. These generationz are, respectively, acrylic resin and
polyvinylidene chloride. The latter has excellent resistance to moisture
permeation; latex paint formulatorg have been "rediscovering” this polymer
for uge in high performance systems. A disadvantage of pelyvinylidene
chloride iz limited high temperature tolerance.

As of this writing, black is the only color available in AD gystems.

Autodeposition offers a number of advantages:

¢ No electric power required
o High throwing power
o No VOC

The most significant advantage of AD ig its superior throwing power.
Electrodepogition offerg good, but not unlimited, throwing power, because
of Faraday cage effects., AD has shown its ability to coat the insides of
cloged structural sections, and to deposit uniform films on complex and
intricate parts.

AD doeg not use organic co-solvents, becauge it iz based on latex
technology, rather than water-soluble resins, Thig eliminates VOO
emiggion problems that, in the future, could arise with water-reducible
coatings that uge organic golvents to aid polymer solvation.

The films depozited by AD offer 168 to 336 hours =alt spray
regigtance, The ccating gsystems engineer may specify a topcoat for
additional protection.

Applicationg. Autodeposition has been uged to coat automotive
components, such as suspension arms based on hollow sections, jack
assembliea, and belt pulleyg. One manufaciurer has used AD to treat
compact car frames.¥

8.9 Special Coating for Fagteners.

Why special fastener coating are necesgary. A threaded fastener cannot
be protected by a coating system such as G-90 thickness galvanizing,
followed by 0.8 - 1.3 mils. of cathodic E-coat, followed by another 1.8
mils. of CARC. Such a thick coating system would interfere with threads.

*#  Metal Finishing, October 1983, page 77.
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Accordingly, fasteners in corrogive environments require high-performance
coatinge capable of providing adequate protection with no more than 0.8 to
1.3 mils. total thickness.

8.9.1 Cadmium Coatings. Fasteners have traditionally been electroplated
with cadmium for corrogion protection. Cadmium offers the following
advantages over zinc for fagsteners:

o] Itg corrosion products are less voluminous than those of zinc

o Cadmium has a low coefficient of friction, which is degirable
in a threaded fastener coating.

o Cadmium offers superior corrcsion resigtance in humid and marine
environments (zinc, however, is superior in indugirial
environments).

Electrodepogited cadmium ig gpecified under QQ-P-416E, which callsg out
thickness, gupplementary chromate and phosphate conversion coatings, and
post-plating baking to relieve hydrogen embrittlement. QQ-F-416, type II,
clags 3 calls out 0.0002 inches {minimum) thickness, with supplementary
chromate treatment. This coating specification has been used for small
fagteners.

High gtrength steels suffer hydrogen embrittlement when electroplated.
QQ-P-416 calls for 375+/-25 degrees F post-plating baking to relieve
hydrogen embrittlement, for parts whose hardness exceeds Rec-40. The
baking muat be done ag soon ag posgible after plating, and should last
long enough (at least several hours) to assure that the hydrogen will be
redistributed* to the extent needed to reduce embrittlement. For very
high strength fastenerg or others parts, it iz best to use
non-electrolytic processes such as peen-plating, or vacuum-deposited
cadmium,

Cadmium hag sgeveral disadvantages as a protective coating for
fasteners. It is more expensive than zinc, melts at a relatively low
temperature (320.9C -ve- 416.5C for zinc), and is prone to attack by
organic vapors. The =2olutiong used in cadmium electroplating create toxice
waste digposal problems. One must not employ cadmium on components
exposed to vacuum or high temperatures, Cadmium must not be applied to
any titanium component, nor on any component that comes into contact with
titanium.

For small fasteners cadmium plating, with good quality control
{particularly regarding adequate minimum thicknessz}, is advantageous.
Cadmium plating on rivets hag proven its ability to reduce galvanic

¥ Hz does not readily diffuse out of a part, becaudge the cadmium
actgs as a barrier.
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corrogion of aluminum sheet, which otherwise occurs with uncoated steel
fastengrs.*

8.9.2 Ceramic-Metallic Coatings. This family of coating systems is
commercially available. One corporation marketz these products under the
trade names Sermaguard and Sermatel.(R)¥* Ceramic-metallic coatings
congigt of aluminum particleg, plus phosphates and chromates in a
water-based slurry. When the slurry is applied to a surface and baked,
the cured coating film congists of aluminum pigment in a ceramic matrix.
The aluminum particles add atrength to the film, and also offer
sacrificial protection to gteel articles.

Ceramic-metallic fagtener coatings are applied to fasteners by
dip-spinning. This process can treat large numbers of fasteners
gimul taneoudly, thus reducing applications costs relative to coating each
part separately. The coating must be cured at approximately 300C (572F).
The cured coating doe# not conduct electricity, despite the aluminum
pigmentation, unless burnished (lightly abraded) with alumina grit. The
dip-gpin/cure cycle, repeated twice, produces coatings up to 20 microns,
or 0.8 mile., thick. A fastener coated with 0.8 mils. of ceramic-metallic
coating can withstand 400 hours of salt spray per ASTM B117. The coating
possesses a torque coefficient of 0.45 - .55. A wax ccating applied after
curing and burnishing will reduce the torgque coefficient to 0.12 -
0.15.%x%x ‘

The design engineer must remember that ceramic-metallic fastener
coatings are not identical to the ceramic-metallic coatings applied to gasg
turbine blades.

8.9.3 Fluorocarbon Coatings.*#¥*x "Fastener - Clags”™ fluorocarbon
coatings offer geveral advantages. They offer good lubricity, enabling
the fastener engineer to eagily calculate the torque necessgary for a given
bolt tengion. Unlike slectroplated cadmium, flucrocarbon coatings applied
by the dip-gpin procesg do not create environmental problems, nor do they
caude hydrogen embrittlement of high strength bolts. Fluorocarbon-type
coatings can be applied over a zinc phosphate base, or over
geramic-metallic coatings, or over a zinc-rich primer.

A high-performance Sermaguard-type ceocating system for fasteners
congigts of a two coat ceramic/metallic base, and a fluorocarbon -

* Howard, R.M., and S.F. Sunday, The Corrosion Performance of Steel
Self~Piercing Rivetg When Used With Aluminum Components. SAE
Report #831816, in SAE Special Publication P-138.

* 3 Regigtered Tradenames of products marketed by Sermatech
International,Inc.
L2 2] Mosser, Mark F. and B.G. McMordie, Evaluation of Aluminum/Ceramic

Coatings on Fagteners to Eliminate Galvanic Corrogion. SAE Paper
#86011%2, in SAE Special Publication SP-649.

* XX ¥ Willig, David P., Jr., Engineered Coatings for Fagztenersa, Page 42,
May 1987, Productg Finishing.
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modified silicone topcoat. This system, with a total thickness of 1.3
mils., provides approximately 1000 hours salt spray registance. This
means adequate protection from atmospheric corrosion for the fastener. In
addition, the parte being joined, if made from aluminum, are insulated
from the galvanic corrosive influence of the fastener material.

Ceramic-metallic base fastener systems, topped off by the
fluorocarbon-modified silicone topcoat, meet the requirements of General
Motorg gpecification GM 6164 M, Chrysler specification PS - 8059, and Ford
specification EST - M21P9.

8.9.4 Phosphate/0il Coatings.* 2Zinc phogphate may gerve as a bage for
fastener-clasg fluoroccarbon coatingg. In this case, the phosphate is of
the microcrystalline type, with a coating weight of 200-300 mg. per square
foot.

Phosphate/oil coating gystems congist of a heavy zinc phogphate layer
impregnated with a polymeric cil emulgsion. The ¢il emulgion containg a
proprietary polymer which fills the network.created by the phosphate
coating., This process provides at least 168 hours of =2alt spray
regsigtance, ag required by General Motors Specification GM 6035 M. In one
test of a phogphate/oil system, a number of parts showed 0.1 percent rust
after 400 hours salt spray.

For military vehicles, it ig doubtiful that phosphate/oil coatings
would be adequate for fasteners exposed to severely corresive conditions.
Since the Environmental Protection Agency (EPA) frowns on cadmium, the
best bet for structural fasteners exposed to severe conditionsg is
ceramic-metallic coating with fluorocarbon/gilicone topceat. If a
fagstener is not exposed to highly corrosive conditions, a good
phosphate/polymeric 0il system may be acceptable.

Other fastener coatings include nickel plating (for bragg fastenersg)
and ion vapor depogited aluminum. Electrophoretic epoxy coatings are
another coating option for fasteners, if the processg doez not introduce
hydrogen embrittlement. High-strength fasteners may be electroplated with
a low embrittlement, cadmium-titanium process in accordance with
MIL-STD-1500.

8.10 Temporary and Supplementary Corrosion - Preventive Agents. A number
of oilg, greadem, solvent-thinned compounds, and petrolatum-type materials
have been devised as temporary corrosion-preventive coatings or
pregervatives,

The Department of Defense and its varied branches have issued numerous
specifications to govern procurement of corrosion-preventive agents for
aircraft engines, food handling equipment, machine components, small arms,
artillery, ordnance iteme (i.e., mechanical! t{ime fuges), and so forth.

¥ Willis, David P. Jr., Op Cit. See also Roberts, J., Meeting
GM6035M, Products Finishing, May 1987., and Smith, Noel A.,
Advancements in Phosphate and 0il Coatings, SAE Paper 831836, in
SAE SP-136.
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Many of thege are identical to lubricating oils and greaszes, except for
addition of corrogion inhibitors. Some are film-formers, leaving behind
films of a specified hardnesg=z and thicknesg which act az barriers against
corrosive environments. Film-forming agents include petrolatum, waxee,
and asgphaltic solids. These materials may be cutback (thinned) with
golvents for eaze of application.

Films formed by temporary protective agents typically are softer than
the organic coatings that have been discussed up to thig point. The idea
ig to form a flexible barrier that will not flake off, and will protect
metal surfaces from corrosion for a reasonable time. One can remove these
coatings by solvents or steam cleaning, when an item is te be put to use.

Temporary coatings based on plasticg or rubber are designed 2o that,
when they are no longer needed, the user can peel them off,

Qilg may contain water digplacing or fingerprint removing compounds.
These oils are intended to protect items from corrosives characteristic of
fingerprint oils, and otherwize to protect metal surfaces for limited
periods of time.

Some of the many military specifications for temporary and
gsupplementary corrogion-preventive agents are given below.

8.10.1 MIL-C-11796C (Corrosion-Preventive Compounds, Petrolatum, Hot
Application) calls out a group of materials meeting the requirements of
MIL-P-116H (Pregervation, Methods of). There are four materials called
out under MIL-C-11796: Classes 1, 1A, 2, and 3. Classes 1 and lA are
regular and non~-slick (i.e., will not leave an oil glick on s2alt water),
hard-film materials intended for protection of gun tubes and similar items
stored outdoors. Classes ] and 1A withstand outdoor exposure, and are
algo useful for protecting items with highly finished surfaces when stored
indoors. C(Class 2 ig a medium-hardness material for preservation of items
stored outdoors in moderate climates (temperature at metal! surface not to
exceed 145F). It is also intended for packaging of automotive parts under
conditions when the Class 3 material is too goft. Clagg 3 ig intended for
preservation of bearings and other items requiring eage of application and
removal at normal temperatures.

All materials under MIL-C-11796C are applied by dipping or spraying.
Clags 3 is brushable at room temperatures. Application temperatures for
gpray or dip range from 150F for class 3 to 220F for clase 1.

8.10.2 MIL-C-40084B callg for a water-emulsifiable, oil-type corrosion
preventive compound. It consists of mineral ¢il with corrogion
inhibitors. This material eliminates fire hazards associated with
golvent-thinned corrosion-preventive agents. It forme a sgoft, thin film,
offering best results when applied to zinc-phosphated surfaces. The uger
may apply this material by dipping, spraying, or brushing.

8.10.3 MIL-C-15074D calls for a corrogion-preventive fingerprint remover
congigting of solvents and inhibiteors. It i2 intended for removing
fingerprint resdidues and suppression of corrosion cauded by same.
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8.10.4 VV-L-800C calles for a general purpose, water displacing,
preservative lubricating oil. This material is intended for lubrication
and protection against corrosion of small arms, automatic weapons, and
other items that require a general-purpose, water digplacing, low
temperature preservative oil.

8.10.5 MIL-C-16173D calls out a group of five celd-application, solvent
cutback corrosion preventive compounds, Grades 1 through 5. Grade 1 is a
hard film (175F minimum flow point) material, Grade 2 is a soft film
material, Grade 3 is a soft film, water-displacing compound, Grade 4
produces a transparent, non-tacky film and Grade 5 specifies a material dgo
formulated as to be removable with low pregsure steam. Application ig by
brushing, dipping, or spraying at normal room temperatures. The usge of
organic solvent for thinning is digadvantageous from the standpoint of air
guality and fire hazards.

8.10.6 MIL-L-21260C is a preservative and break-in oil for internal
combustion engines, available as SAE 10W, 30W, and SOW (NATO cedes C-640,
C-842, C-644). Use of this preservative oil ig called for in various
procedures (i.e., MIL-C-10062E) for preparing engines for storage and
shipment to prevent internal corroszion.

B.10.7 MIL-P-46002B is a preservative oil formuiated with a volatile
corrogion inhibitor, intended for protection of closed systems.

g.10.8 MIL-G-10924D (Grease, Automotive and Artillery) iz a
long~-standing military specification for a multipurpose grease, intended
for lubrication and surface corrosion protection of automotive and
artillery equipment. It corresponds to National Lubricating Grease
Institute No. 2 consistency, and is usable in applications requiring a
grease of that cconsisiency with rust-preventive properties,

8.11 Automotive Rustproofing Afents. Automotive rustproofing agents
are applied to sheet metal and structural members of already-assembled
vehicles for supplementary corrosion proiection. They are related to
petrolatums and solvent-cutback corrosion preventive compounds such as
those described above.

A corrosion-inhibiting material intended for post-assembly application
should be formulated so as to be applicable by spraying. It should
penetrate into crevices where corrogion cften starts, provide uniform
coverage, and develop a film which remains slightly "tacky™, g0 as not to
flake away from the surface being protected. The protective film should
remain flexible, neither becoming brittle nor excessively soft, over the
range of temperatures anticipated with reasonable certainty for the
vehicle to be protected. A properly formulated rustproofing material
adheres to metals and displaces moisture from the surface.
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The current military apecification for automotive rustproofing
compounds is MIL-C-62218A, which calls out two gsolvent-dispersed,
corrosion-preventive compounds. Type I ig for new motor vehicleg and
trailers, while type II ig for fielded equipment

MIL-C-62218A does not gpecify an exact material, gaying only that it
shall be a nenvolatile base material dispersed in a petroleum gsolvent.
The latter must be free of benzene and halogenated hydrocarbons.

When sprayed on a vertical surface, Type I mugt form a dry film not
less than 8 mile., and must not sag when wet. Type II must form a film
8+/-2 mils. thick, and, like Type I, mugt not sag. When tested in
accordance with gpecified procedures, both types must exhibit (.25 inches
(6.35 mm) or more of creep. Type II must be able to creep when tested on
mildly corroded test panels,

The compound, whether type I or II, musgt not be corrogive to copper.
Also, while charring is acceptable, it must be self-extinguishing 15
gseconds after removal from a flame source.

The material must be applicable by spraying at temperatures between 40
and 100F (5 to 37C). When dry, the coating .film must be flexible down to
-20F (-28.9C), and must not sag when exposed to temperatures up to 300F
(149C). The coating mugt inhibit corrosgion of test panels subjected to
salt fog atmospheres, Type II must inhibit further corrosgion when applied
to pre-corroded test panels. Types I and II must algo inhibit corrogion
of panels immersed in =ali water, and when test panels are expoged to
cyclic environmental conditions,

Ingredients in commercial rustproofing agents vary, and tend to be
proprietary. A typical rustproofing agent consigtg of mineral oil,
petrolatum, alkyl stearate, aluminum stearate, and fatty material cut back
with a mineral dolvent. Commercial rustproofers apply this material by
gpraying, uging licensed application tools and methods.

For military vehicles, MIL-R-46164C calls out application tools and
procedures for applying rustproofing materials.

Temporary and supplementary corrosion-preventive agents are not a
replacement for good design practices, galvanizing, and well-engineered
organic protection systems. They do have their place in management of
Army materiel, Solvent-removable, corrogion-inhibiting materials can
prevent detericration of otherwise vulnerable itemg stored in warehouses
or outdoors, or during transportation. A field or depot commander might
want to use rustproofing mervices to halt corrogion in vehicleg already
fielded, for supplementary corrosion protection in severe environmentsg, or
to protect equipment not originally designed with corrosion prevention in
mind,

In 1981, the U.S. Army Tank-Automotive Command announced a new policy
with regard to procurement of future tactical vehicles. The policy
stated, in effect, that such vehicles were to be inherently rust free for
total gervice life ranging from 15 to 25 years. The gpecific requirement
is that such vehicles, by a combination of design techniques, materials
gelection, and manufacturing procedures shall prevent or minimize
corrogion so that perforation of metallic areas requiring replacement of
parts shall not occur.

The primary reason for this new policy ig related to the difficulties
encountered in achieving a satisfactory long-term result from commeprcial
or mil-spec rustproofing. Such rustproofing requires the drilling of
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holes in body/cab/frame areas, a water wash to remove looge rust and dirt,
a thorough drying of the vehicle, spraying a qualified rust-proofing
compound through the holes provided, and then a final cleanup. It is
almost impossible to obtain consistent high-quality workmanship on a mass
production scale. The procegs also involveg health, safety, and fire
hazardg. Finally, rustproofing requires periodic inspection, maintenance,
and touch-up.

Studieg conducted by the U.5. Army Tank-Automotive Command show that
the life cycle costs of rustproofing, rust damage, and repair are greater
than the potential costs of designing a vehicle to avoid corrogion without
gupplementary rugtproofing agents.

8.12 Dry Film Lubricants and Corrosion. When using a dry-film
lubricant, remember this commandment: NO GRAPHITE.

Graphite is cathodic to all metals, exept gold and platinum. 1In the
past, graphite has been used in solid-film lubricants such as MIL-L-B8837.
MIL-L-46010B calls out graphite-free, corrogsion-inhibiting, bonded

golid film lubricants. Type I is cured at 150C (302F), while Type II
requiresg 204C (about 400F) for curing. Both types, when applied to
properly prepared surfaces and subjected to their respective curing
temperatures, form films within 60 minutes.

Solid film lubricants meeting this specification, when applied to
phosphated steel at 0.0005 inch (0.013mm) thicknegs, protect against
corrosion for up to twe years in outdoor storage, or four years in indecor
storage. A l-mil coating provides up to 4 years correcgion protection in
outdoor storage.

Applications include lubrication under conditions where cils and
greasgses are difficult to apply or retain, mechanisms operated infrequently
or "lubricated for life", or bearings involving =2liding motion.
MIL-L-46010B golid lubricants are not recommended when the material cannot
tolerate the required curing cycle, nor for rolling element bearings, nor
for equipment handling oxygen (egpecially liquid oxygen).

MIL-L-46010B solid film lubricants must be used within 1 year after
the date of manufacture. They are guitable for aluminum, copper,
magnegium, gteels, titanium, stainless gteels, and alloy systems based on
the aforementioned metals. The appendix to MIL-L-46010B provides
instructiong for applying these lubricants to various materials.

8.13 Rugt Converters and Rusted Surface Coating.

Rust Converterg (also known ag rust transformers) are surface
pretreating agents (or pretreatment/primers) intended for application to
rugted surfaces. The basic claim made for these preparations is that they
trangform rust to a form that can serve as a bagse for gubsequent organic
coating.

The mest promising type of rust transformer is based on tannic acid, a
complex organic acid derived from varicus forms of vegetation. A typical
rugt converter congists of tannic acid, hypophosphorousg acid, and
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igsopropyl aleohol.* When this preparation acts on a rusted ferrous
surface, the rust is converted to a ferric =malt, which in turn reactz with
the tannic acid to form an organometallic iron tannate. Thig ig a more
satisfactory paint base than ordinary rust,

A number of tannic acid-based rust converters have been gold under
such tradenames ag Cortex 420, Neutra Rusi, Extend, RCP, and Chesterton
Rust Transformer. Some of these products combine the tannic acid rust
converter with a latex-type primer. When one appliesg this combination to
a rusted ferrous surface, the result will be a primed surface that can be
topcoated afiter the rust converter/primer has reacted and dried.

Other commercial rust converters consist of the tannic acid system
alone, without a built-in primer. This type of material is intended for
application to a rusted surface as a pretreatment. The preparation is
given time to react and dry, after which the surface is ready for priming
and topcoating.

A number of commercial rust converterz were tested in Puerto Rico
under the direction of the Army Material Command.**  Based on the resgults
of 1 year of tegting, the team conducting the test judged only two
preparations to be worth further gtudy. Generally, painting over rusted
surfacegs ig not recommended. If rust tranaformers are to be used, they
ghould be the type with out a built-in latex primer. The technician
ghould brugh away loosge rust, clean and dry the gurface, and then apply
the rust converter.

After the rust converter reacts and dries, the converted surface
should then be primed with a properly formulated primer. The primer
should be based on a low viscosity binder such as figh-oil alkyd.*** The
solvents should be slow-evaporating, so the vigcozity of the whole primer
will remain low until it penetrates through the neutralized rust layer.
One of the advantages of fish-oil for this purpose is that its own
vigscozity is low; furthermore, it ie slow drying, therefore a
slow-evaporating solvent can be used with it.***¥* Water-based latex
primers are not good for painting rusted surfaces, because the latex
particles may be filtered out by the rust layer, allowing only water to
get through the rugt to the substrate.

After the rust layer has been neutralized and primed, one may then
apply a gupplementary primer and topcoat.

8.14 Water-Digplacing Touch-Up Paint. The U.S. Navy hag daveloped a
water-displacing, touchup paint that can be applied to bare metal

Information provided by Mr., J. Menke, AMCCOM, RBock Island.

%% Warshawsky, 1., memorandum to Director, TATD (AMSTA-R), 21 Feb.
1886, on trip to Fuerto Rico National Guard, 10 ~ 13 Feb. 1985,
EEE &4 rusty metal primer commonly sold in hardware stores uses a fish-

pil alkyd binder. Thisg ig claimed to penetrate through a rust
layer, surrcounding rust particles, to reach the substrate.

KE K% Wicks, 2.W., Jr., Principles of Formulating Corrosion Protective
Coatings, p.29, in Corrosgion Control by Coatings, H. Leidheiser,
Jr., editor. Science Press, Princeton, 19789,
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surfaces for temporary protection againgt corrosion. The original purpose
of this coating material is prevention of corrogsion of carrier-baged
aircraft in areas where their regular organic coatings are chipped or
cracked. This product was developed at the U.S5. Navy Aeronautical
Material Laboratory (AML)} and has been digtributed via Department of
Defenge channelz under the same "Amlguard”.

Material called out under MIL-C-85054A (AS) (Corrosion Preventive
Compound, Water Disgplacing, Clear (Amlguard)) displaces moisture or salt
water, and leaves a clear, corrosion-preventive film, It is intended for
use on all metalsg, and its applicability from presgsurized spray cang makes
it particularly suited for service use.

Amlguard, as gpecified under MIL-C-85054A, consists of barium
petroleum sulfonate, alkyl ammonium organic phosphate, silicone and
gilicone/alkyd resfing, and non-photochemically reactive solvents.

Water-digplacing, touch up paint does not conform to CARC standards,
therefore, one should not gpecify it as an original equipment
manufacturer's finish. I% could come in handy, however, for the
maintenance-congcious field commander who wantg to limit corrosion on the
surfaces of combat and tactical vehicleg (or other items) in locations
where the authorized paint finish hag been violated by various accidental
impacts or abrasiong. The user cleans off the surface, and sprays on two
uniform coats, waiting a half-hour between the first and second coats.
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CHAPTER 9
ALUMINUM

Aluminum and its alloys are generally legg susceptible to corrosion
than mild steel. There are many circumstances where one can expose
aluminum to the elements without the extengive corrosion (rusting) that
ferrous metals guffer under the game conditions. Aluminum iz not
corrogion-free, however. The engineer/designer must know the corrosion
characteristics of aluminum and its alloys, and of aluminum surface
treatments and coatings. Only then can one realize the benefits of
aluminum in engineering design.

The corrosion of aluminum and its alloys is governed by two basgic
phenomena:

1) Aluminum is more active (legs noble) than moet other metals. This
means that when in contact with ferrous metals (or, worse yet,
copper and its alloys}, aluminum and its alloy2 corrode
gacrificially when an electrolyte is pregent.

2) Aluminum form® an adherent oxide layer when exposed to air. This
layer, like the pasgsive oxide layer on stainlegs steels, greatly
reduces uniform corrogion, characteristic of the kind one
encountersg with mild steel. Like 2tainless gteels, aluminum and
ite alloyg are prone to localized corrogion including pitting,
gtregs-corrosion cracking, and intergranular corrosion. The
surface oxide layer on aluminum is vulnerable to aggressive ions
such asg chloride.

9.1 Specific Corrosion Problems.

9.1.1 @Galvanic and crevice corrcgion. When uging aluminum alloys in
gtructures where steel is also present, one must be aware of galvanic
corrogion. If there are no digzimilar metals, aluminum can 8till suffer
cravice corroSion. The designer musi use proper joint design techniques,
ag8 digcussged in Chapter 4. Use a sealant, such as polysulfide, between
faying surfaces and around fastener’s holes. Aluminum components sghould
be drilled, milled, or otherwise machined, before applying protective
coating systems. Then, apply gealing compound and fasten. For joints
requiring disagsgsembly at gome later time, uge a temporary corrogion
preventive compound compatible with aluminum and the metal to which it is
fastened.

Welded congtruction must be treated differently, because welding heat
would burn off previously applied coatings.

Figure 70 illustrates the condequences of corrosgion in an improperly
congtructed aluminum joint.* On the left gide, corrosion between the

¥  Aluminum, Vol. 1, Chapter 7 (Resistance to Corrogion and Stress
Corrosion}. American Society for Metals, 1967. page 218.
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Fig. 70. CONSEQUENCES OF IMPROPER ALUMINUM
JOINT DESIGN (left), ALUMINUM JOINT
PROPERLY PROTECTED-(Right).

faying surfaces generated enough pressure to push the plates apart. The
joint on the right wag prepared by applying one coat of aluminum paint to
the gurfaces before fastening. All surfaces should be coated, and this
definitely includes steel surfaces in contact with aluminum.* Fasteners
ghould be properly treated, i.e., with cadmium, or other metal plate
galvanically compatible with aluminum. Alternatively, one can use
coatings such as ceramic-metallic. The deaigner should remember that
exfoliation (see below) has been known to start in the vicinity of
fastenere, due to crevice and galvanic effects.

Aluminum hinges on electronic equipment sghelters have been known to
geize due to galvanic corrosion cauged by a gtainlesg steel pin#x, Here
ig another lesgson in the importance of providing a suitable coating of
gome form on cathodic metal2 in contact with aluminum. For hingesz, a
corrogion-inhibiting lubricant, compatible with both aluminum and the pin,
ig alsc desirable. The pin should not fit in the hinge too tightly, lest
corrogion praoductg cause jamming.

Graphite should net come into contact with aluminum. If an aluminum
component ig to be joined to a graphite fiber-reiniorced composita
structure, they must be electrically isclated from one another. (For that

% Painting only aluminum, when in contact with a cathodic metal, will
cauge a large cathode/small anode situation at paint coating
defects.

L Unruh, Xenneth S., Corrosion of Aluminum Hinges on the Electronics

Shop, Shelter Mounted, Avionics, AN/ASM-147B During Sea Transport.
USA AMSAA, Aberdeen Proving Grounds, Maryland, March 1986.
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matter, be wary of possible galvanic corrosion whenever any siructural
metal is joined to graphite fiber compogite material.)s

Finally, one must not mark on an aluminum surface with a graphite
pencil. Use only those marking instruments specifically authorized for
aluminum surfaces,

9.1.2 Intergranular attack, Stress-Corrosion Cracking, Exfoliation.

Aluminum alloys are susceptible, in varying degrees, to intergranular
attack, stresg-corrosion cracking, and exfoliation. These phenomena are
particularly troublesome in high-gtrength aluminum alloys whose
metallurgical structures contain dispersed phases.

An example is the Al-«Cu system, i.e., the 2000-series alloys.
Solution heat treatment followed by artificial aging results in Cullz
precipitates at grain boundaries. These precipitates are good for
mechanical strength, but they alse cause unwanted galvanic effectis.

Recall that with stainless gteels, improper heat treatment causes
depletion of chromium from grain boundaries, because of CrC precipitate
formation. In copper-containing aluminum alloys, the heat treatments
needed for maximum strength cause depletion of copper from grain
beundaries adjacent to Cullz precipitates. Thig sensitizes the alloy to
stresg-corrosion cracking and exfoliation, because a copper-depleted grain
boundary is anodic %o the microgtructure as a whole.

In 5000-gerieg aluminum alloys, magnegium ig the most important
alloying constituent. Magnesium forme a solid solution in aluminum up to
a limit of approximately 3 weight percent. If the percentage of magnesium
in an aluminum alloy exceeds the solubility limit, AlsMgz forms as a
second phase. This precipitated phase is anodic to adjacent grains, and
will corrode preferentially when exposed to an electrolyte. If certain
Al-Mg alloys are heat-treated, intentionally or not, 3o as to cauge a
continuous network of AlzMgz at grain boundaries, an item made from
such an alloy will be sSusceptible to preferential grain boundary attack.
This may lead to siresg-corrogion cracking or exfoliation.

8.1.3 Stregs-Corrogion Cracking (S.C.C.) has long been an important
congideration in the design of aircraft. In the Army, one is concerned
about §.C.C. in helicopters and in armored vehicles uzing aluminum alloy
armor. In some casged, strength hag had to be gacrificed to attain the
degdired resistance to 5.C.C..

The aluminum alloy systems prone to S.C.C. include Al-Cu {the 2000
geries), Al-Zn-Mg and Al-Zn-Mg-Cu (the 7000 series), Al Mg (5000 series},
and Al-Mg-S5i (6000 serieg). The latter two alloy systems may suffer
8.C.C. when the magnesium content isg above 3%, or when high gilicon
contents are pregent in the Al-Mg-8i system. The Al-Mn alloys (3000

* Danford, M.D., and A.H. Higgins. Galvanic Coupling Between D6AC
Steel, 6061-T6 Aluminum, Inconel 718, and Graphite-Epoxy Compogite
Material: Corrosion QOccurrence and Prevention. NASA Technical
Faper #2236, December 1983.
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geries), Al-8i (4000 geries), and Al-Mg (Mg content < 3%) do not
axperience stress-corrosion cracking.

Metallurgical condition brought about by heat treatment and cold work
hag a gignificant bearing on whether or not §.C.C. will oceur. For
example, alloy 7075 (a high-strength alloy used in aerospace applications)
is susceptible to $.C.C. when used in thick sectiong in the T6 (solution
heat treated and artificially aged) temper. The same alloy in the T73
temper (solution heat treated, followed by overaging) exhibits improved
redigstance to S.C.C. relative to the TS temper, with an accompanying
gacrifice in atrength.

Sugceptibility of aluminum alloys te S.C.C. also varies with grain
orientation relative to the direction of applied tensile stress. Refer to
Figure 71. 1If tengile test specimens are machined from a thick zlab of
rolled high strength alloy such as 7075~T6 or 2024-T4, specimens in which
tengile stres2 ig applied in the short trandverze direction will be mosgt
sugsceptible to S.C.C. Specimens machined g0 that the tensile stress ig
along the long traverse axis are lesg susceptible to S.C.C.. Longitudinal
tegt specimens are most resgistant to stress corrogion cracking. Referring
to Figure 72%, one can see that for typical high strength alloy-temper
combinationg, gtressg-corrogion cracking occurs at a much lower stress
level when applied in the ghort transverse direction than in either of the
two other major directions. When using rolled aluminum alloys, avoid
exposing the short trangverse direction to combinationg of tensile ziress
and corrosive influences. '

Fig. 71. ROLLED ALUMINUM PLATE GRAIN STRUCTURE

Thin sheet does not exhibit directionality in gusceptibility teo
5.C.C.. Castings are supposed to be isotropic, yet the parting plane or
seam may expose a highly 5.C.C.-susceptible transverse grain structure.

# Lifka, B.W., et al, Exfoliation and Stresg-Corrogion Characteristics
of High Strength Heat Treatable Aluminum Alloy Plate.
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A number of publications liet corrosion and stress-corrosion
susceptibility of various aluminum alloy-temper combinations. The
engineer-designer should refer to such publications as ATSM GB64-85
(Standard Classification of the Resigstance to Stress-Corrosion Cracking of
High Strength Aluminum Alloys), Metals Handbook {Corrosion Resigtance of
Aluminum and Aluminum Alloys, Vel. 2, 9th ed., pages 204-23%), the SAE
Handbook (published annually), and MIL-STD-1568 (Materials and Processes
for Corrosicn Prevention and Contrecl in Aerospace Weapons Systems). See
alao MIL-HDBK-5E, Metallic Materials and Elements for Aerospace Vehicle
Structures: This handbook presentz tables showing maximum stresses at
which tegst gpecimens will not fail when gubjected to the ASTM G47
alternate immersion gtresg-corrosion test. Such stress values are not to
be used for design calculationg, but are a useful comparison of S.C.C.
resistance among various aluminum alloys. Published stress-corrogion
regigtance ratings are baged on a combination of standardized tests and
service experience. In the SAE Handbook, a rating of A means no known
instance of failure in gervice or in laboratory tests. A "B rating is as
above, except that laboratory tests have revealed some instances of
failure in short %transverse specimens.

Specific material choice recommendations are as follows:

o Aluminum-magnesium alloys with more than 3% mg. should not be used
under high constant applied stresz at temperatures® in excess of
150F, because of the possgibility of Al-Mg precipitates forming a
network at grain boundaries. Alloys 2uch as 5083, 5086, and 5456
ghould not be used in the H3) geries tempers because they can
become vulnerable to 5.C.C. {par. 3.1.2.3.1, MIL-HDBK-5E).
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o The U.S. Army Missgile Command {MICOM)# does not allow 2024-T3 or
T4, or 7075-T8 in new systems under itz jurigdiction, recommending
inatead 2024 in the T8 geries tempers (i.e., T851), T075-T73, the
5000 or 8000 gseries, or 7050 serieg. The U.S. Air Force doeg not
allow 7075-T8 in forgings and milled products.

0 A few high strength aluminum alloys have ghown excellent resistance
to stress-corrogion cracking. even in the vulnerable short
trangverse direction. Theze are 2020-T651, 2024-T851, 2219-T851,
7075-T7351#%, and 5454-H34 (N. Xackley, MTL).

Prevention of 5.C.C. via design. Aside from proper material
gselection, one can avoid stregs-corrosion cracking by reducing (or
eliminating) tensile stressesz, or by isolating vulnerable areas from the
environment. MIL-HDBK-5 recommends againgi practices such as press or
shrink fits, taper pins, clevis joints in which tightening of the bolt
imposes a bending load on the female lugs, and asgembly operations which
impoge sudtained gurface tensile stregsges (especially if in the short
transverge direction) when using materials 2014-T451, -T4, -T6, -T651,
T652; 2024-T3, -T351, -T4, and 7075-T6, -T651, -T652. i

Shot peening is required by MIL-STD-1568A, par. 5.4.3.1.4, on eritical
surfaces of forgings, machined plate, and extruzions, after final
machining and heat treatment. Thig places gurface layers in a residual
compression state, which eliminates one leg of the S.C.C. triangle
(tengile stress).

In parts not stress-relieved, MIL-STD-1568A forbids machining away
more than 0.150 inches per side, because doing so may expose vulnerable
(short transverse) grain gtructure in a tensile residual stress condition.

The above two requirements are waived if the material demonstrates a
gtreag-corrosion resistance not legg than 25 kgi (173 megapascals) in the
short transverge direction when tested in accordance with a defined test
procedure.

Coating a vulnerable area can be effective in preventing S.C.C by
igolating the sghort transverse grain strueture from corrosive agents.
High-gtrength aluminum alloy 7039, once widely used as an armor material,
had experienced 8.C.C. in the vicinity of welds due to residual tensile
stregges acting on regions of short transverse grain structure exposed at
the edges of rolled alloy armor slabs. An effective, though expensive,
golution waz to "butier” the edges with 5356 alloy. This procedure
created compressive stresses at the edges, and also sealed the

¥ Cobb, B.J., New Sygtems with CPC Flavor. Proceedings of Conference
on Corrogion Prevention and Control, Williamsburg, VA, 20-30 April
1986.

¥% Lifka, B.J., et al, Exfoliation and Stress-Corrosion of High
Strength, Heat Treatable Aluminum Alloy Plate. (Reprinted with
permigsion from Corrosion, November 1967, in Prevention of Material
Deterioration: Corrosion Control Course. Published by Logisties
Engineering Directorate, U.S. Army Armament Material Readiness
Command, Rock Island..

120



Downloaded from https://www.everyspec.com

alloy 70392 surface with a more gtiresgsg-corrosion-regigtant materials.
Attempts were made to use sprayed metal coatings to protect the edges;
however, shot or brush peening proved more effective.

Aluminum armored vehicles are currently being constructed using
aluminum alloy 5083, which isg les= prone to S.C0.C. than 7039. The
degigner should be aware however, that shot peening (or, brush peening)
ig available ag a means of relieving residual tensgile stregsges at
vulnerable short transverse surfaces. Also, weld buttering, though time
consuming and costly, is nonetheless also available ag an option.

In recent years, new aluminum alloys have been developed as options
for armored vehicle design. A cast alloy, A206-T4, meets S.C.C.
requirements when tested in accordancae with prescribed test proceduresxx.
This particular cast alloy-temper combination, i= not ag good as
high-strength rolled aluminum alloy from a ballistics gtandpoint. It isg,
however, less digadvantageous than other aluminum cast alloys that were
studied,

Aluminum alloy 2519-T87 was recently developed ag an alternative to
5083-H131 and 7039-T64. This alloy cffers tensile and ballistic
properties equivalent to 7039, without the latter'’s susceptibility to
stregs-corrosion cracking. Alloy 2519-T87 needs additional developmental
work, however, because experimental weldments do not withstand as high a
ballistic shock as is required by MIL-STD-1946 (Welding of Aluminum Alloy
Armor)  k%#

If the engineer mugt use alloyg such as 2024-T4 or T075-T6, rapid
quench rates are desirable, ag both yield strength and corroszion
reaistance increase with the rate of quenching from solution heat
treatment temperature. Unfortunately, high quench rates are nolt posgible
for thick sections. This is why 2000 series alloys are usually overaged
to the T8 series tempers (i.e., 2219-T851}, and why 7000 series alloys are
used in T7 series tempers, 1.e., 7075-T73.

8.1.4 Exfoliation. This occurs in aluminum alloys with an elongated
grain structure. The alloys most susceptible to exfoliation are those
baged on the Al-Cu, Al-Zn-Mg-Cu, and Al-Mg systems. Metallurgical
condition algo influences the degree of exfoliation susceptibility.

Exfoliation ha2 occurred in aircraft structureg in the vicinity of
fastenerd. {orrosive agents enter the crevice between fastener and
gurrounding aluminum, and attack the latter along elongated grain
boundaries. Thisg resgultg in delamination, caused by pressure exerted by
corrogion products beneath the surface,

* Gilliland, H, Manufacturing Methods and Technology: Metal Arc Spray
Procegsging. USATACOM R.D. & E. Center, Warren, MI, February 1086.

* % Hare, R.B., and R.L. Malik., Cast Aluminum Components: FPhase 1,
Volume 1. USATACOM R.D. & E. Center, Warren, MI, February 1983,

LS Wolfe, Thomag D. and Steven A. Gedeon. Weldability of 2219-T85! and
2519-T87 Aluminum Armor Alloys for use in Army Vehicle Systems.
Army Materials Technology Laboratory Report #MIL TR 87-28,
MA, June 1087.
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Ag with atress-corrogion cracking, high strength alloy-temper
combinations such as 7075-T6 are particularly vulnerable to exfoliation.
Accordingly, the de2igner must prescribe overageing-type heat treatments
when using high gtrength aluminum alloys under conditions where
exfoliation ig likely. 1If thig form of corrogion is more of a problem
than 8.C.C. in a particular application, the designer might want to usge
7000-g8eries alloys in the T76 temper, which is stronger than the T73
temper while posseasgsing elevated regidtance to exfoliation.

The 5000-geries alloys are susceptible to exfoliation (and 5.C.C.)
when a continuous network of AlaMgz precipitates forms at grain
boundarieg. Accordingly, corrogion resistance of this alloy series can be
improved by thermal-mechanical treatments which cause precipitates to form
within the grains, rather than at grain boundaries exclugively. The HI116
and H117 tempers have been developed for exfoliation resgigtance in
5000-geries alloys (N. Kackley, MTL).

I1f exfoliation occurs in threaded or riveted joints, plated fasieners
can help allieviate the problem. Sealers such as elaztomeric polysulfide
compounds (per MIL-S-81733C) have been used.gsucceggfully in aircraft
structures. Metallic coatings, such as sprayed aluminum or zinc, on
affected areag (edges of plates, ingides of fastener holes) are also
helpful., Fagstener holes should be primed with epoxy primer (i.e.,
MIL-P-23377) if the fastener must be removable.

9.2 Coating Sygtems for Aluminum.

9.2.1 Conversion Coatings. Aluminum surfaceg must have some kind of
pretreatment for organic coatings %o adhere successfully, The clagsical
prepaint treatments for aluminum include amorphcusg chromate, amorphous
phosphate (chromium phosphate), zinc phosphate, and alkaline oxides.

Chromium chromate {amorphous chromate} produces excellent results ag 2
paint base. Even when used alone, amorphous chromate provides excellent
resistance to salt gpray. Furthermore, this type of conversion coating is
electrically conductive, making it useful for electronic equipment
chaggis. It ig also good for applications where electrical conductivity
between aluminum surfaces is desired for EMI shielding.

Chromium phosphate and chromium chromate meet the requirements of
MIL-C-5541C (Chemical Convergion Coatingg on Aluminum and Aluminum
Alloys), which calls for 168 hours salt gpray resistance. The former
meets the requirements of MIL-C-5541C , c¢lass 1A, while the latter,
becauze of its electrical conductivity, meets the requirements of
MIL-C-5541C, Class 3.

While chromate convergion coatings are excellent paint bases for
aluminum, they unfortunately create hazardous waste disposal problems.
Accordingly, efforts have been made to find non-toxic, non-environmentally
hazardous substitutes.

The FMC Corporation has investigated a number of aluminum alloy
pretreatment systems, in their quest for a system that would greatly
reduce waste treatment costs, and prove equivalent, when used with a
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primer coating, to chromate pretreatments.»

A good finishing system for aluminum must begin with cleaning and
deoxidizing the surface. No paint will adhere well to non-deoxidized
aluminum, no matter how well it iz cleaned. The reason is that the oxide
coating naturally occurring on an aluminum gurface interferes with
adhesion. One might reasonably ask: If an aluminum surface ig thoroughly
cleaned and deoxidized, will a primer coating adhere without a conversgion
coating?

The FMC program showed that if water-reducible epoxy primer,
MIL-P-53030, ig applied to aluminum surfaces immediately following
cvleaning and deoxidizing, it will adhere well without a conversion
coating. '

Another alternative to MIL-C-5541C chromate conversion coatings ig the
wash primer (DOD-P-15328D) pretreatment system. This is a two part system
which, when mixed, consists of phosphoric acid, polyvinyl butyral, zinc
tetroxychromate pigment, and solventa (isopropanol, butancl, water). The
phosphoric acid serves ag an etching agent to asgsure adhesion of the
polyvinyl butyral binder. The pigment ig gimilar to the clasgsical zinc
chromate pigment traditionally used in primers for aluminum.

Wasgh primers work well. Tests conducted by FMC demonstrated that when
organic coatings are applied over wagh primer per DOD-P-15328, they adhere
just as well as when applied over a MIL-C-5541C, class IA convergion
coating such as Alodine 1200s {R}#* Unfortunately, the wash primer system
has disadvantages. It ugeg large amounts of golvents, creating an air
quality compliance problem. Film thickness is critical, because excess
primer may leave unreacted phosphoric acid in the coating. Finally, the
wash primer system uges chromate pigments. Though W.P. does not generate
large volumes of liquid waste, the chromate pigment is still a health
hazard to workers, If applied by spraying, any overspray would have to be
treated ag hazardous waste, as would unused material (Wash primer, once
mixed, hag limited pot life).

"Dry in place” or "no-rinse’ chromate conversion coatings have been
deviged in an attempt to deal with the hazardous wagste disposzal problem of
traditional chromate treatments. They do indeed produce less waste
effluent, and eliminate final rinse steps. Such systems lend themselves
well to coil-coating or for treating simple shape=s. However, they are not
go good when it comes to complex items such as aluminum armored vehicle
hulls. No-rinse chromate systems are a viable option for parts which
drain easily.

Modified zinc phosphate treatments, described earlier, will form a
phogphate coating on aluminum. Unfortunately, they do not offer the
performance one can expect from anodizing, or from amorphous chromates per
MIL-C-5541C. Furthermore, the waste effluent from modified zinc phosphate
bathg are not free of waste dispodgal problems. Unless one is treating a

* Thompscn, Sharon, Prepaint Cleaning. USATACOM R.D. & E. Center,
Warren, MI, October 1985.
*% Trademark of Amchem Products, Inc.
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Mixed agsembly of steel and aluminum, it ig best to uge zinc phosphate
for pretreatment of steel, and chromateg (or something equivalent) for
aluminum.

Another possible conversion coating for aluminum iz aluminum
hydroxyoxide, a variation of the old "boehmite” oxide coatings. The
process consigts of exposing an aluminum surface, coated first with a
chemical reagent, to an oxidizing environment containing steam. The
reagent provideg nucleation gites for growth of aluminum hydroxyoxide
eprystalg. Thig procegs ig uged commercially and resgults in a good paint
base.

Disadvantages are as follows: If the gurface iz damagad., the oxide
layer offers no sacrificial protection. A chromate-pigment containing
primer hag to be uged for bezt regults., Finally, the FMC study did not
find itv adaptable for production.

Finally, there are immersion-type, non-chromate conversion coating
systems for aluminum. U.S. Patent 3,904,936 (Dasg, N.) describes a
treatment bath congisting of boric acid, a gource of fluoride, a source of
zirconium, and nitric acid for Ph adjustment. This system forms a
flucrocoxy-zirconium complex on an aluminum surface. It has met the
requirements of the aluminum container industry. However, it doez not
meet the requirements of MIL-C-5541.

According to FMC, one non-chromate system works satisfactorily on
aluminum alloy 5083. This system iz as follows:

Parco No. 2351 alkaline cleaner

Hot water ringe

Parco No. 2356 deoxidizer

Hot water rinse

Parker TD1325 non-chromate conversion coating, consisting of
compounds of titanium, fluoride, zirconium, nitric acid, and phos-
phate.

Cold rinse

Polymeric sealer

Cold rinse

prime and paint

A os U1 B =

O ®~FD;

This treatment, excluding primer (i.e. up to and including the eighth
step), meets the 168 hour galt spray requirement when applied to alloy
5083. Both this treatment and Alodine 12003, when applied to 5083/7039
welded panels, suffer corrosion near the weld after 168 hours salt spray.

While Alpdine 12002 pagges the 188 hour salt gpray test when applied
to aluminum alloys 2024, 6061, and 7075, the afcrementioned non-chromate
treatment does not,
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When aluminum panels were treated with the non-chromate conversion
coating described above and then primed with MIL-P-53030 epoxy primer, the
following results were noted:

1000 Hour Salt Spray:

5083 alloy: padsed
5083/7039 Welded panels: small amount of corrosion on weld spatter
2024: passed
6061: passed
7075: failed
dry & wet adhesion: passed
120 1b. reverse impact: passed

In contrast, the Alodine 12003 process, when gimilarly followed by the
primer, passed all tests, with all alloys.

One can see that there is the technical pogsibility of achieving
reasonable results with a non-chromate conversgion coating if the aluminum
surface is thoroughly cleaned and deoxidized, and if the conversion
coating is followed by a good primer. However, it doesn't work on gome
alloys (High-gtrength, copper-bearing alloys are known to be more
difficult to finish than other aluminum alloys), and its performance in
the field has not been demonstrated. Ultimate protection of aluminum in
tactical and combat vehiclesg 8till requires chromates, in the conversion
coating if not alzo the primer pigment as well.

It should be noted that the current chromate conversion coatings,
i.e., Alodine, also require thorough metal cleaning and deoxidizing for
begt results.

8.2.2 Anodizing. Oxide films on aluminum and its alloys are formed by
natural procesgses, Thesge films do not flake and crumble like ferrous
oxide films, and hence offer protection to underlying metal. Normally,
the naturally occurring oxide film on an aluminum surface is approximately
100 angstroma (.00010 mm.) thick.

Because Alz03 is a wear-and corrosion-registing substance, the
deliberate formation of this oxide in filmgs of greater than the naturally
occurring thicknesgs, is degired in some applicationg. Varioue procesges
do in fact accomplish this. All of them use an electrolyte and an
electrical potential to form an artificial aluminum oxide coating.
Because the article to be treated ig made the anode in an electrochemical
cell, these procesgsges are known ag anodizing.

Aluminum item8 are anodized to improve corrosion resistance, provide a
colored film for decorative purposes, or to develop a hard surface for
wear registance. Oxide filme developed by ancdizing do not conduct
electricity.

Early anodizing procesdes used chromic acid solutions as
electrolytes. Subgequently, sulfuric and oxalic acid electrolytes were
introduced. Boric and phodphoric acideg are alsgo usable asg anodizing
electrolyteg. The chromic acid process uges 40 grams Cr0sz per liter of
solution, with a 35C (95F) bath temperature. The item to be treated is
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made the anode and zubjected to 40 volts for approximately 30 minutes.
The rezulting oxide film is 0.0025 to 0.0050 mm. thick.

An oxalic acid golution at 2 to 6% concentration, at a temperature of
19 to 30C is the basie for the "Eloxal® procesg. Oxide layers formed on
aluminum by thig process are up to 0.008 mm. thick, and are golden yellow
in color.

The most common media for anodizing is sulfuric acid. H2504 is
very corrogive, unlike chromic acid which in fact is an inhibitor. This
meang that care ghould be taken not to allow gulfuric acid zclutions to
become trapped in crevices of parts being anodized. However, the
“Alumilite (R)' process has the advantage of lower cogt, higher speed, and
the posgibility of a range of properties, with a variety of aluminum
alloys. Typically, sulfuric acid anodizing is carried out at low
temperatures (20 - 25C or approximately “room’ temperature). Ha2S50.
anodizing has another advantage: There are no chromium ionsg to cause
water pollution.

"Hard® anodizing refersg to processes whereby the oxide film is thicker
than usual. Such films range Irom 0.00! inch (0.025 mm.) upwards.

Hard anodic coatings form in sulfuric acid anodizing cells with some
of the parameterg modified. The current density (amperes per square foot
of surface area anodized) is higher than in conventional anodizing. The
bath temperature ig lowered from 70F used in conventional anodizing to
50F. The Alumilite hard-coating solution ugses 12% (by weight) HaS80.,
along with one weight percent oxalic acid. The Martin Hard Coat (MHC)
process use8 15% HaS0s saturated with carbon dioxide.

Oxide films developed by hard anodizing procesges are not actually
harder, but are thicker and denser than conventional anodic coatings.
They exhibit good corrosion and wear resistance. Unsealed coatings hold
lubricantg well.

Anodic coatings mugt be gealed for maximum resistance to corrosgion, or
when it is necesgary to have resgistance to gtaining. Hard anodic
coatinge, when used for abrasion regigtance, are not sealed. One may geal
anodic coatings by immersing an anodized coating in boiling water for 10
to 30 minutes. Dichromate sealing solutions produce the begt corroszion
resistance.

Anodizing is applicable to a variety of wrought and cagt aluminum
alloys. Pure aluminum ig the easiest to anodize. With copper-bearing
alloys such as 2024 (4.5% Cu) or 7075 (1.6% Cu), it is more difficult to
form a thick anodic coating, and the film will offer leds resistance to
corrogion.

A potential disadvantage of anodizing isg reduced fatigue strength.

Recently, Lockheed developed a process whereby anodized aluminum is
sealed with polyurethane regin.* Thisg process may be applicable to
aluminum components of tactical and combat vehicles. The seal-priming
process may be augmented by topcoating.

¥ Aviation Week & Space Technology, pg. 71, May 11, 1987.
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9.2.3 Alcladding and Aluminum Spraying. Pure aluminum possesses
excellent atmospheric corroszion resistance, while various aluminum alloysg
(particularly high strength, copper-bearing alloys) tend to suffer in thisg
respect. Accordingly, high-strength alloys should be used in "alclad’
form. Aleclad aluminum alloys, available in sheet, plate, and tubular
forme, coneigt of a high-gstrength aluminum alloy core ¢clad with unalloyed
aluminum, or selected aluminum alloy such ag Al - 1% Zn. The idea is to
provide a corrogion-sensitive, high-strength aluminum alloy with a coating
of Al or Al alloy which regigts atmospheric corrosion, yet is anodic to
the base material. This system affords sacrificial protection to the base
material, and is similar in this regard to zinc coatings on ferrous
metals,

Alclad plate should be considered for armored vehicles. An advantage
of alelad producte is, they are easier to conversion-coat than bare, Al-Cu
or other high-strength alloys. Thisg i= very important if chromate systems
cannot be usged.

Aluminum armored vehicle hulls can be coated with pure aluminum, zinc,
or Zn-Al alloys, by wire <praying. This is-another option for aluminum
hulls, turrets, and other components.

9.2.4 Qrganic Coatings. Traditionally, aluminum surfaces have been
primed with zinc or strontium chromate pigmented primers. Red lead is not
a corrogion-inhibiting pigment for aluminum, and is therefore not to be
uged for this purpose.

A claggic primer specification for aluminum is TT-P-1757. This
specification calls for a zinc chromate pigmented, oil-modified
phencol/formaldehyde-alkyd primer coating.

Later, epoxy primers were developed. Typical epoxy primers were
discussed in gection 8.3.

Today, primer gpecifications have changed, because of VOC and
chromate problems. A water-reducible, lead and chromate-free epoxy primer
for aluminum is called out under MIL-P-53030. This igs a two-component
system which meets VOC (water not yet added) limitse not more stringent
than 2.8 lb. per gallon, or 340 gram/liter. Storage gtability is 1 year
for both components, and pot life, once mixed, is no lesgs than 6 hours at
T3F.

If the elimination of chromates from both conversion coatings and
primers is stringently enforced, adequate protection of aluminum could
prove difficult. Enforcement of quality controls will be more important
than ever, Hopefully, adequate coating systems will be developed that
will meet the needs of protecting our environment. Hopefully, too,
methods of safely handling chromates will be developed so this most
effective method of protecting aluminum from corrosion can still be used
where required.

Many topcoating materialsg used for protecting steel can also be
applied to aluminum. Thesge materials include:

o Alkyds

o Acrylics
o Vinyls

0 Epoxies

o Urethanes
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A good zystem for aluminum is epoxy primer, followed by polyurethane

topcoat,

Electrophoretic coatingz are applicable to aluminum, az are powder
coatings. Be aware, however, that thege materials require elevated
temperature baking. Make sure that the alloy-temper system in question
¢an take the baking temperature.
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CHAPTER 1¢
LESSONS LEARNED IN CORROSION PREVENTION AND CONTROL

This document concludes with a chapter on lesson=s learned from actual
field experience with corrosion in Army weapon systems., Regardless of how
much theoretical knowledge the engineer may have regarding corrosgion, it
ig better yet for he or she to have studied actual case histories. In so
doing, we can all learn what to do and what not to do in designing
hardware for today’s military.

10.1 Cagse History #]1. The Corrosion Digegt, Number 6, 10/86, page 1.
Letterkenny Arsenal reported leakage of IBCC shop shelters, caused by
corrosion between aluminum panels and foam insulation.

Cauge: This is an example of poultice corrogsion. Aluminum and its
alleys depend on a natural oxide layer for protection against corrosion.
When a poultice such ag foam insulation ig in contact with aluminum,
retained moisture (possibly containing corrosives leached from the foam)
can initiate corrogion at weak points in the protective film. The film
is, at thieg point, not self-healing.

Although the aluminum was protected by chemical pretreatment and
painting, the coating system was not adequate for the conditions
encountered.

Solution: Remove all aluminum skins and replace with aluminum
epoxy-bonded to the foam. It was further recommended that new shelters be
fabricated with insulation that would be less likely to cause corrogion of
the aluminum skin.

Legson to be learned: Beware of poultice-type corrogion when
insulating foams are in contact with metals., Use an adequate protective
coating to protect the metal surface. Such coating should be able to
withgtand prolonged moisture exposure without blistering. Algo, gelect
insulation materials that will not leach corrosgive salts.

10.2 Case History #2. Floor pans of M939 (5-ton) trucks were rusting
out, because of moisture retained in place by floor covering.

This is another case of poultice corrosion. It is not possgible to
eliminate the floor covering, because its soundproofing function is
congidered edsential.

Sclution: The only coating on the steel surface was TT-C-490
phosphate treatment. Obviously, this is not adequate. TACOM considered
elimination of adhesive from the bottom of floor mats so they could be
removed at the end of a day’'s operations. This would allow air to
circulate and dry out the floor area.
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Leagong to be learned. Here, again, the engineer muzt be aware of
poultice effects when items such as floor matg come into contact with
metalg. Also, whenever there is a sump area, prolonged electrolyte
contact is likely to be a problem. The author recommends the following
meagures:

1. Use adequate coatings on all metal surfaces. Both outside and
ingide surfaceg of floor pans should be galvanized. Here ig a
posgible application for high performance coatings such as
Galvalume or Galfan.* The inside surface, because of contact
with the floor covering, ghould also have a geod organic
coating scheme. Use a good phosphate treatment so asg to retard
underfilm corrosion at paint coating defects.

2. Drain all sump areas, uging either drain holes at the low
points of such areas, or (for vehicles required to ford or
swim deep streams) removable drain cocks.

3. Specify removable floor mats. When the truck is not in use,
the mats should be removed and stored where they will dry out.
The floor mat should be of closed-cell, rather than open-cell,
type.

If the design engineer specifies removable drain plugs, the truck
should be stored with the plugs removed. Before beginning a day’s
operationg, the respensible maintenance perdon must re-install the drain
plugs to prevent flooding of the vehicle interior while fording or
gswimming.

10.3 Cage History #3 (The MADPAC Digest, Number 2.3, 1/85, page 11.)
Hardware in S5-280 and 5-250 shelters was found to be corroded,
producing a white, powdery corrosion product.

The cause: An RTV silicone sealant was giving off corrosive acetic
acid vapeor.

Solution: Change to non-acetic acid %type sealant.

Leggon: Beware of vapor corrozion in enclosed areas. Avoid RTV
compounds that use acetic acid. This was pointed out in part 4.10
{special considerationg for electrical and electronic equipment).

10.4 Cage Higtory #4 (The MADPAC Digest, Number 2.3, 1/85, page 47.)
In another case of vapor corrosion, MICOM reported severe corrosion
of cadmium plated parts in TOW missile guidance sets.

#  The superior barrier (as opposed to sacrificial) protection of
aluminum coatings might be the solution to floor-pan corrosgion, if
nothing else works.
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Cause: The items were stored in a metal container that was recently
painted with alkyd enamel. The alkyd gave off formic acid vapor, which is
very corrogive to zinc and cadmium.

Solution: Corroded items were cleaned and treated with varnish.
MICOM issued instructions to allow at least two weeks air dry for metal
containers painted with alkyd enamel, and to use CARC in the future.

Lesgon: Alkyd paints preferably ghould not be used for painting
insides of storage containers. Use either the CARC system (epoxy
primer/polyurethane topcoat)l or, for surfaces not exposed to sunlight,
MIL-C-22750 epoxy enamel applied over MIL-P-23377 (NAVMAT P 4855-2, Degign
Guidelines for Prevention and Control of Avicnic Corrosion}.

10.5 Casge Higtory %5 (MADPAC Disgest, Number 2.3, 1/85, page 50. See
also PS magazine, November 1983, page 14).

Hollow dock bumpers on M87] semitrailers were rusting out due to
water accumulation.

Solution: Drill three drain holes, 1/4 inch (6.3%mm}) diameter, in
the underside of the bumper, € inches from each side pf the trailer and 45
incheg from the left side. M871's built after the defect was ascertained,
had this modification incorporated at the factory.

Lesson: This is a clasgic case of ingside-out corrosion caused by
meisture entrapment in a sump area. Beware of sump areas in hollow
structural sections. (See figures 19 and 20, and the accompanying text).

10.6 Case History #6 { Op cit., page 54) Magnesium castings used in the
Blackhawk helicopter auxiliary power unit gearbox suffered corrcsion.

Cause: Some of the protective coating {(Dow #17) had been machined
off, leaving exposed metal.

Selution: Seal the bolted jointé after asgembly with a sealant.
Touch up machined areas with chromic acid brush-on per Dow #19. 38eal
cpatings with MIL-5-8784 sealans.

Lesdon: When a protective coating is destroyed by machining or
welding, it must be re-applied.

Thig case history is an example of why metal finishing must be
integrated into the overall assembly procedure, rather than being an
afterthought.

0.7 Case History #7 (The Corrosion Digegt, Number 8, 4/87, page 32).
Letterkenny Arsenal reported severe corrosion on crossmembers of
M10SA2 trailers brought in for maintenance.
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Cause: The trailers were gitored ocutdoora. Wataer penetrated into
weld seamg and {rame gections.

Solutions: 1. Provide covered storage, if posgible.
2. Provide drain holes at the lowest points (sump areas)
of frame gectiong.*
3. Use continuous weldg to eliminate crevices.
4. Apply rust preventive coatings on insides of hollow
sections.

Lesgons to be learned: Several examples of poor practice regarding
CPC are evident in the initial MIOBAZ2 design. First, non-continuous welds
congerve weld metal, but they also set up crevices which invite corrosgion.
Second, when using hollow frame sectiong, sump areas invite internal
corrosion, Finally, the inside surfaces of frame members have to be
protected, just ag the outside suriaces must be, with protective coatings.

10.8 Case Higtory #8 (Op Cit, page 43)
MICOM reported the breakage of a2 high-girength maraging steel clevis
bolt used in the patriot antenna mast.

Cause: The bolt wa® cadmium plated per QQ-P-4168, type II, clasa 3,
and stress relieved for 24 hours at 500 degrees F.

In spite of the post-plating baking, the bolt suffered hydrogen
embrittlement,

Solution: The cadmium requirement was deleted. MICOM substituted a
dry film lubricant coating, per MIL-L-46010.

Lesson: Bigh-sirength steels are very sensitive to hydrogen
embrittiement. Do not electroplate such materials., Use surface
treatments that are proven not to cause hydrogen embrittlement.

10.9 Case History %9 (Op Cit, page 47). MICOM reported corrosion of
cadmium-plated mild steel latches on Hellfire containers.

Cause: The containers, apparently aluminum alloy, were treated with
chromate convergion ceating per MIL-C-5541. This treatment degraded the
cadmium plating on the latch, and interfered with paint adhesion on that
component.

* Beware that trailers are sometimes stored upgide-down to gave space.
Provide drain holes that will be at the lowesi points for
storage/shipment positiong, in addition to drain holes for the normal
position.
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Solution: MICOM specified wash primer treatment, per DOD-P-15328, on
containers in place of MIL-C-5541. 1In addition, use of stainless steel
latches wag investigated.

Lesson: When specifying a dip-type treatment for an item, consider
all materials which may be exposed to the chemicalg involved. MIL-C-5541
chromate treatments are intended for aluminum but not for cadmium
surfaces.

10.10 Case History #10 (MADPAC Digest, Number !, §/84, page 12).
TACOM reported failure of electric starter in M113A2 armored
personnel carrier.

Cause: Internal corrogion due to water entry.

Solution: A gazket was added to the technical data package to
prevent water entry.

Legson: With some componentsg, it ig vital to uge geals and gaskets

to keep moisture out.

10.11 Cage History #11 (MADPAC Digegt, Number 1, 6/84, page 17).
TACOM reported paint failures on aluminum fenders on Ml tanks.

Cause: 'The contractor wasn't following the specification
(MIL-C-5541) for pretreating the gsurface prior to painting. Thisg resulted
in poor paint adhesion.

Solution: Proper pretreatment in accordance with specification, plus
tightened ingpection procedures prior to acceptance.

Lesscn to be learned: Proper quality assurance is vital to corrosion
prevention and control. The best gtandards are useless if not enforced.

10.12 Case_History #12 (The Corrosion Digegt, Number 6, 10/86 page 2},
Sharpe reported pitting and exfoliation of an aluminum alloy 2024
gide rail.

Solution: Replace with type 6081-T8 aluminum alloy.

Legson: Though 2000- and 7000- Series aluminum alloys are gtrong,
they are also vulnerable to corrosion, especially in higher gtrength
tempers.

10.13 Cage Higstory #13 (Op Cit, page 7). MICOM reported corrosion of
rotary coupler in chaparral radar set.

Cauge: Moisture ingress
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Solution: Install rubber geal with packing material over the top of
the rotary coupler.

Lesgon: Use szeals, gaskete, packing in places where moisiure may
enter, (Seals on top, drain holesg on bottom}.

10.14 Case Higtory *14 (Op Cit, page 10)

Anniston Depot reported corrosion of approximately 200 self-locking
steel head bolts on the Ml tank's ¥X-1100-3B transmigsion. Corrosion also
occurred on the aluminum alley 355-T71 transmission housing cover where
the bolts are faztened.

Causes: Although the bolts were supposed to have been
cadmium-plated, the plating was omitted. This resulted in the bolts
gsuffering corrofion themselves, and also caused the bolts to act as
cathode2 with regpect to the aluminum housing.

Solution: Here is another instance of lapse in quality control.
With the pregent arrangement, make sure the plating on the bolis is per
drawing specification.

For the fuiure, use a more compatible fastening system. Here ig a
good application for fagteners coated with a good protective finigh, i.e.,
ceramic-metallic.

The transmission housing should be treated with protective finish
after drilling holes and after all machining operaticns. To prevent a
large cathode/small]l anode situation at posgible defects in the coating
applied to the aluminum, use properly treated bolts. Such bolts will be
less likely to act ag cathodesz, and less likely to corrode themselves.
(See figures 13, 16, and 24.)

10.15 Cage History ®#15 (0p Cit, page 17)
MICOM reported corrosion of various parts inside multiple launch
rocket system (MLRS) electrenic box.

Cauge: Moisgture intrusion.

Solution: Engineering change proposal included design changes to
eliminate moisture leakage paths into the units.

10.16 Case History #16 (0p Cit, page 18) In another example of
electronic component failure reported by MICOM, a conformal coating, per
MIL-I-46058, type AR, proved inadequate during humidity testing of
Helifire autopilot circuit card assemblies.

Solution: Coating composition and application method were modified.
Circuit cards are now screened for adequate performance with water mist
tests,
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10.17 Case History #17 (Op Cit, page 18) TACOM reported corromion of a
ferrous metal gage rod cover asggembly around the area where it was welded
to the gage rod.

Cauge: Plating too thin, also, plating not reapplied after welding.

Solution: Drawing wasz changed to specify application of coating
after welding.

Lessong: 1. Adequate QA should be enforced regarding coating
thickness.
2. Anytime something is assembled by welding, protective
coatings should be applied (or, reapplied) afterwards.
3. DBeware, alsc, that forming operations may rub off
cadmium or other protective coatings. Apply such
coatings after any such operations.

10.18 Case Higtory #18 (Op Cit, page 20) The Corpus Christi Depot
reported corrogion on the inside surface of magnesium alloy AZ9! tail
rotor gearboxes on UH-1 helicopters.

Cauges: 1. The gearbox housings had Dow 7 dichromate/MIL-P-23377
epoxy primer on the outdgide surfaces, but the ingide
gsurfaces were unprotected.

2. Moigture intrugion,

Solution: Provide a corrogion registant coating on the insgide
surfaces.

Lesgsons: With magnegium housings (i.e., if such are used for ground
vehicle transfer cases}, the designer should use high purity magnesium
alloy (ag free as posgible from copper, nickel, iron), adequately
protected on all surfaces. And, use seals and gaskets to keep
environmental! moisture out of the unit.

10.19 Case History #*19 (Op Cit, page 23) Corpus Christi Depot reported
corrogion of lide on storage/shipping containers for aircraft components,

Cause: Though painted, the container lids were designed {albeit
unintentionally) such that water was trapped.

Selution: Re-dedign container and lid so that water will run off it.

Legson learned: Any undrained sump area is a potential corrosion
gite.

The “tuition” for this lesgon was very high. Expensive aviation
components were ruined by water intrusion into the containers, because of
the lid corrosion.
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For expensive items in storage, congider temporary corrogion preventive
agente (i.e., temporary coatings and/or vapor-phasge corrosion inhibitors},
and other measureg specified in MIL-P-116H (Preservation, methods of).

10.20 Cage History #20 (Qp Cit, page 28)
MICOM reported that MIL-P-52192 primer and MIL-C-52629 topcoat failed
wet tape adhesion test.

Cauge: Paint was applied, and curing attempted, at temperatures
below 50F, which is too low.

Selution: Avoid painting when ambient temperature is too low for
proper curing.

10.21 Case History #2]1 (Op Cit, page 56) Anniston Depot reported
receiving M48 and M60 tank final drive units, from various places, with
rust on machined areas.

Cause: Unite not properly prepared for shipment.

Solutions: Apply P-19 preservative to threads and machined areas
prior to shipment.

Leggon: Iron, as in mild or cast steel, wantg to be an oxide., All
surfaceg should be protected during storage and shipment. This is where
temporary corrosicon-preventive compounds are useful.

10.22 Case History #22 (Op Cit, page 58) MICOM reported corrogion of
cadmium-plated steel rivets during salt, fog, humidity, and rain
environmental portionsg of first article testing of l1ight weight misgsile
launcher.

Solution: Additional tests demostrated that nickel-plated brass
rivets would be satisfactory. The necessary design change was made before
the item was put into full scale production.

Lesson: This case history demonstrates the value of first-article
testing.

10.23 Case History #23 (MADPAC Digest, Number !, 6/84 page 16, also
MADPAC, Number 213, 1/8%5, page 25.

Welded stainless steel water tanks (M148A2) suffered corrosion in the
weld areas.

The cause was found toc be f{ree iron present in weld slag, or
introduced by improper grinding and wire brushing.

Solution: New cleaning procedures, including non-chlorinated
gcouring powder, non-metallic brushing, and flushing with clean water.
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Lesson: This cage shows the importance of proper welding procedures
when welding certain materials. The author reminds readers that, when
welding austenitic stainless gteels, be wary of intergranular corrosion
(See par. 3.3.5).

10.24 Case History #24 (Corrosion Digest, Number 6, 10/86, page 64}).
TACOM reported superficial rusting of GLCM transporiers.

Cause: The paint dystem (CARC) was inadequately applied. The paint
thickness was less than what was specified.

Solution: Legal action was taken to reclaim the cost from the
contractor.

Lessons: Even the best paint system is worthless without adequate
QA. Al]l layers, from pretreatment to final topcoat, must be applied
according to specifications and must be within specified thickness
allowances. Use thickness gaging to insgpect the contractor’s work, and
algo use tests such as adhesive tape to check paint adhesion.

However, don't be too quick to blame the contracter when paint
guality lapses occur. The design engineer should remember that some
design features (sharp corners, deep recesses) are difficult to coat
evenly.

10.25 Case Higtory 25 (Op Cit, page 66) Anniston Depot reported severe
corrosion of rear drain valve control rod assembly on M60 tanks. They
suggested using stainlesg steel, or an effective corrosion-resistant
coating.

‘Lesson: Components that must be located near the bottom of an
armored vehicle hull have to be able to withstand water immersion.

Congider uging powder-coated steel parts, using a coating material
that can withstand continuous water immersion.

If uging stainless steel, remember that s.8. materials guffer pitting
in chloride-containing media. Type 316 s.s. ie more resistant to pitting
than type 304. However, the designer should specify the least expensive
material that can satizfy performance requirements.

10.26 Case Higtory #2326 (Op Cit, page 72) MICOM reported failure of MLRS
azimuth resolve and switch assemblies.

Cause: Moisture intrusion during vehicle cleaning with high pregsure
water. Access doors were inadequately 2ecured against water gtreams.

Solution: Engineering change proposal wag issued to stiffen the

access doorg, improve the fastening arrangement, and change from cork to
rubber gaskets.
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Legson: Armored vehicles ahould be dezigned to be cleaned with high
presgsure water streams. This is how soldiers clean off deposits of mud
that are likely to build up on such vehicles during field exercizes.

10.27 High Mobility Multipurpose Wheeled Vehicle Corrosion Problems.

The following corrogion problems ancountered with the HMMWV, and
their resolutionsg, were contributed by I. Carl Handsy of the TACOM
Corrogion and Materials Group.

EMMWV problem #1: Mirror bracket agsemblies.
Mirror agsgsemblies experienced rust, due to poor finish.

Possible solutiong: 1 Improve Q.C. inspection.

2. Stainless steel construction.

3. Galvanizing.

4. Use reinforced polymer ( Composite’)

material.

Recommendations: Use galvanized steel, followed by zinc phosphate
pretreament, epoxy primer, and polyurethane (CARC) topcoat.

Author's comment: The zinc layer (galvanizing) doesn't have to be as
thick as would be needed if it were the sole protective layer. A thin
zinc layer, with Zn phosphate pretreatment, helps retard paint peeling at
local paint defects (holidays). These may occur due to quality lapses, or
damage to the paint coating by stones or other misgiles,

HMMWV problem #2: Strike, catch, carge shell door.

Said components rusted, because of poor quality control of protective
plating and painting.

Possible solutions: 1. Improve Q.C. of plating.
2. Improve Q.C. of painting.

Recommendations: Both of the above,
For small components, fluidized bed powder coatings are a possible
option, if a material can be found that meets CARC requirements.

TGIC-cured polyester is a possibility.

HMMWV problem #3: Body mounting bolts.

Bolts were rusgting.

Possible solutions: 1. Seal bolts after assembly with dry film
coating.

Use ceramic-metallic coating (see par.8.6.2)
Stainless steel boltis

4. Composite bolts

[ I %
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Recommendations: Ceramic-metallic coatings, or stainless steel.
Author’'s comment: Try the former. Stainless steels are known to

suffer stress-corrogion cracking in some environmentg. Polymer composites
are not fastener materials.

HMMWY problem #4: Latch assembly, hood release.

Problem: Rust

Possible solutions: Hot dip galvanize.

1

2. Composite material.
3 Stainless steel.
Recommendation: Hot dip galvanize.

EMMWY problem #5: Floor mats.

Moisture, retained by floor mats, causes corrosgsion of floor pan.

Possgible golutiong: Use closed cell foam contruction, or
encapsulated foam material, depending on cost.

See casge history #2 (MI39 trucks). It cannot be emphasized enough
that a floor pan must be protected on the crew compartment side with a
coating system that can withstand continuous exposure to dampness. The
EMMWY floor pan is aluminum, not steel as with the MB39., Accordingly, a
different coating system is required. Congider uging anodizing sealed
with polyurethane, followed with a CARC topgoat (2ee par 9.2.2). Another
pogsibility ie a powder coating gystem.

Otherwige, the floor pan corrogion problem in the HMMWV ghould be
addressed in the same manner as the corresponding problem with the M839.

EMMWYV problem #6: Frame rails.

Problem: Rust on inside of frame rail.

Causge: Ingufficient cleaning and inadequate E-coat primer
application.

Poggible solutions: Improved immersion cleaning and 0.5 mil of E-coat
primer. :

RBecommendationsg: Both of the above.

This problem was regsolved between TACOM and the HMMWV prime
contractor, AM gemeral. All future frame rails will be thoroughly
cleaned, and a minimum of 0.5 Mil E-coat primer is required on all
surfaces. (Author’s comment: Drill all necessary holes before applying
surface treatments)
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HMMWY problem #7: Roll bar, B pillar.

Problem: Rust caused by poor paint finigh and abrazion of door panel
against the pillar.

Solutions: 1. Galvanize gteel parts.
2, Apply gelf-sticking tape %o faying surfaces of door
frame and pillar.
3. Improve paint application quality.

Lesson: Beware of abrazion beiween mating parts that would remove
protective coatings.

HMMWV problem ¥8: Steel troop zeats,

Problem: Corrosion of agssembly due to dissimilar metal effects (the
HMMWY has an aluminum body) and poor guality of protective coatings.

Solutions: 1) Isgolate dissimilar metals.
2) Galvanize steel parts.
3) E-coat primer/CARC topcoat.
4) Zinc phogphate pretreatment,
5) Use aluminum, rather than steel sgeats.

The recommendation was to use golutions 1 thru 4,

Comment: Disgimilar metal joints should be asz shown in Figure 13.
Agsgembly procedure should be ag in Figure 16. Separately treat the geat
assembly and aluminum body with their respective coating systems, then
asgemble, ugsing joint desfign techniques that electrically isolate the
gteel and aluminum.

Finally, use fagteners treated io regist corrogion.

HMMWY problem #9: Roof panel assembly, basic armor.

Problem: Rust, due to poor quality of paint finish.
Solutions: Galvanize the gsteel panels and tighten quality controls
regarding painting.

AM General now uses E-coat primer for roof panels. Good QA is a
challenge, because the E-coat process ig performed by a subcontractor.

HMMWY problem #10: Drain holes.

Problem: Poor drainage.

Solution: BRelocate drain holes to lowest points on the floor.

Action taken: AM General hasg redesigned the drainage hole system to
enlarge drain holes, and to add more where needed.
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