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ABSTRACT

La This report war prepared to provide guidelines for the military design
engineer in developing improved corrosion control techniques for military
combat and tactical vehicles. It covers bagic corrorion theory,
principleg of proper dezign and protective coatings for metals. The
common forms of corrozion are reviewed and specific approaches to control
of each type are luggcsttzé?
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DISCLAIMER

The citation of trade names and nameg of manufacturers in this report is
not to be congtrued as official Government endorsement or approval of
comnmercial products or gervices referenced herein,
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PREFACE

Unintended destruction or deterioration of a material due to reaction
with environment ig defined as corrosion. Corrosion prevention is
important due to its impact on cogst, safety of operation of equipment, and
congervation of valuable raw materials., It has been estimated that the
direct and indirect total cost of corrogion ig #30 -70 billion for the US
and around #8 billion for the defense gector. However, there is a
potential to save at least 354 of this cost with the application of
exigting knowledge of corrogion prevention and coatrol.

As corrogion affects both economy and military preparedness of the
Armed Forces, awareness and applicatiorn of Corrosion Prevention and
Control (CPC) techniques at all stageg of design, fabrication, and
maintenance become vitally important.

This publication is an updated verszion of a previously pubiished CPC
degign guide, for Tactical Vehicles, published in 1981. Since then, the
knowledge of CPC Techniques has developed substantially. New modern
combat weapon systems are being developed at TACOM. It was therefore
decided to publish a complete new degign guide to advance CPC and to
include coverage for both tactical and combat vehicles. This dosign guide
document presents information and techniques primerily intended to improve
the quality through prevention of corrosion. 180 added is a new chapter
titled "Lessons Learned” which describes the corrogicn problems
experisnced in fielded equipment, possible caused, and recommended
golutionsg,

To accomplish thig tagk, Mr. Alexander R. Xovnat, a Mechanical
Engineer with a Magter of Sience Degree in Nuclear Engineering, who wag
the author of the previous CPC Degign Guide wag requested to regsearch 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 is meant to be
educational and informative to the reader. In praparation of this design
guide the author has searched previously publighed literature on corrosion
from various gourced, papersg, references and publications. Recognition
and acknowledgements are herewith expregsed to all thoge authers and
publishers. Any opinions exprossed withir this design guide are thosge of
the author and do not necesarily repregent any official position of the
U.S. Army Tonk-Automotive Command,

This report may not be the last wurd on corrogion prevention, but
rather a document which is intended to direct attention to a complex
problem. The elimination and reduction of failureg in Army equipment is a
cooperative respongibility of Government and Indugtry. TACOM encourages
recipients of this publication to review and inform this organization of
any comments, suggestions and any new techniques or methodg on prevention
and control of corrogion which can be addregsed in future CPC degign guide
publicationg. Please address CPC correspondence to:

3
i

Commander, U.S. Army Tank~Automotive Command
Attn: AMSTA-TMC (Pad Cherukuri P.E.)
Warren, MI 48397-5000

Ph: (313) 574-8832 or AV 786-88323.
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g}&’}' OHAPTER 1
INTRODUCTION

The purpose of thig document ig to address the problems of corrosion
in military tactical and combat vehicles.

Corrogion of metaly increases maintenance requirements and reduces
the useful life of tactical and combat vehicles, In addition, a corroded
body, frame, or propulgion system component is not conducive to safety,
reliability, appearance or troop morale., Corrogion-related problems are
impoging, in additional cogt burdens to the Army, an estimated 2.0 to 2.5
billion dollars annually.

In 1985, the Commanding General of the Army Material Command (AMC)
iggued a Commander's Guidance Statement on Corrosion Prevention and
Control (CPC). This statement directed all major subcommands within AMC
to utilize state-of-the-art corrosion control technology in original
equipment designs. The stated objective is to achieve corrosion-iree
degign by utilizing degign practices that address selection of materials,
coatings, surface treatments, aystem geometry, material limitations,
environmental extremes, gtorage conditions, packaging and preservation
renuirementg, and rebuild/spare parts requirements.

In accordance with the Commander’s Guidance Statement, the Corrosion
and Materials Branch of Manufacturing Technology and Producibility
Divigion of the RDE Center of the U.S. Army Tank-Automotive Command
(TACOM) has bean designated as the TACOM focal point for Corrosion
Prevention and Control. Assigned responsibilitieg include establishing
CPC programs for Tank-Automotive materiel. The Corrosion and Materials
Branch aldo adminigters %he training of personnel to develop awareness of
the importance of CPC in TACOM-managed programs.

Becauge training of TACOM persgonnel is an eggential part of CPC, the
Corrosion and Materials Branch ravigsed a report, Degign Guidelines for
Prevention of Corrogion iw Tactical Vehicleg. That report, originally
written in 1980/1981, has been expanded to include combat ag well as
tactical vehicled, and to accomodate technical developmentg that have
occurred since 1881.

The regulting reviged document issued here, is intended for use by
indugtrial contractors ag well as project design groups within TACOM.
Thig design guide can make a contribution to OFC by enhiaacing awarsncss of
corrogion and gtressging the technology that can be used to reduce its
corradicn ongts,

While this report concentrates on the problem of metal corrosion, the
degigner mugt keep in mind the posgibility of replacing metals with
polymers and polymer/fiber composites. The varioug aspzcts of deaign with
compogited will be addressed in a future report.
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CHAPTER 2
THEORY AND BASIC PRINCIPLES OF CORROSION

2.1 Definition. One can stimulate lively debate among students in a
corrosion prevention course simply by asking what the word ‘corrosion’
meansg.

Many engineers will define corrosion ag any chemical reaction between
a metal surface and ite surrounding environment. Obviously, corrogion
occurs when steel surfaces rust. However, does corrosgion occur when
8tainless steels react with atmospheric oxygen to form a self-limitving
surface oxide layer? Can one speak of “corrogsion’ when steel is subjected
to phosphating solutions to form a layer of phosphate to gerve as a paint
bage?

Furthermore, whea various alloys exhibit stresg-corrosion cracking,
can one gay that no corrosion occurred because very little metallic
gubgtance chemically combined with the surrounding environment?

> Corrosion will be defined, for the purposes of thig document, as
unwanted chemical reaction between a metallic material and its
environment, resulting in deterioration of gtrength or other properties
egsential to the performance of a given item or system.y In some
ingtancesg, corrogion can algo be defined as f;ﬁgg&ion’ﬁ% unwanted reaction
productg which contaminate water, food,-or—~vther products. For example, a
water storage tank is considered to have corroded if the water is rust (or
other corroq;gn~prﬁﬂﬁE¥7~contaminated, even if the tank loses only a
littleof 1tg inner gurface. Algo, corroded items can be unsightly (an
~eyegore”), even if enough metal is provided in its design to allow for
corrosion during a gpecified timeframe,

The broader term material deterioration is uged to describe phenomena
whereby materials in general (i.e., rubber, plastics, wood) suffer loss of
integrity, or contaminate other materials, because of environmental
iniluenceg duch ag ultraviolet radiation, or presence of substances with
which the material in question ig not compatible. For example, polyvinyl
chloride (PVC) can decompoge when gubjected to high temperature. Not only
does the PVC losge its strength or insulating properties, but also, it
generated vapors which can corrode metal components in the system in which
ths PVC wag used, Ultraviolet radiation degrades polymerg by breaking the
molecular chaing which are the esgence of these materials. Ozone, predent
in the atmogphere at concentrations leazs than 1 part per million, causes
embrittlement of rubber tires. Microorganismg cause materialg such as
wood or canvas to rot, and can also promote metal corrogion.

2.2 Fundamentalg of Electrochemistry.

A S

2.2.1 General Concepts. Corrogion is nature's way of returning metals
and alloys to their natural gtate, i.e., oxides or other chemical
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compounds. Excapt for very few metals, moat notably gold, a metal in
unconbined form is unnatural if oxygen is around. Iron, for example,
‘wantd® to be an oxide. This can happen in one of two ways: it can
combine with oxygen directly, or indirectly via electrochemical processes#
involving oxygen and an electrolyte, which will be digscussed in subsequent
paragraphg., The former process is mostly a high temperature (1000F or
thereabouts) phenomena, while the latter can occur at normal environmental
temperature.

Corrosion of motor vehicles and other metal structures of interegt to
the armed forces iz essentially electrochemical, with four basic elements
needed for the process to take place: 1) an anode, 2) a cathode, 3) an
electrically conductive medium or electrolyte, and 4) an electrical
connection between the anode and cathode other than the electrolyte.

Consider an electric battery (see Figure 1) congisting of a gtrip of
zinc, a strip of copper, and a medium such ag hydrochloric acid, suliuric
acid, or even a solubtion of common salt {sodium chloride). Note that the
strips are not touching one another. If we connect a voltmeter to the
strips, as ghown in the figure, we measure an electrical potential or
voltage. The zinc gtrip asgumes a negative potential relative to the

copper strip.
@ { o~ voLTHETER

~— ELECTROLYTE

Ll

ZINC \

COPPER

¥ig. 1. APPARATUS FOR DEMONSTRATING THE
EXISTENCE OF CORROSION POTENTIAL

If the zinc ig very pure (i,e,, very litile {mpuritise which would

cauge local effects) and if the voltmeter draws very little current, no
chemical reactions will occur, If any reactions do occur, they do so very
slowly. Nonetheledgs, the electrical potential is gtill there, and can be
measured by the voltmeter.

What thig potential or voltage means, is that the zinc has a tendency
Yo form ionsg, i.e.,

Zn ----) Zn** + 2 electrons,

%# Direct oxidation is theorized to be electrochemical, involving
diffusion of oxygen ions through metal oxide films.

o
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ég@ . and: to push the electrons through the voltmeter to the copper atrip.
Since the two electrons have to be accounted for in one way or another,
the zinc does nct 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 connascted (Figure 2), chemical reactions
gtart happening. The zinc gives up two electrons per atom to form ions,
which pagg into the medium., The free electrons travel via the external
c¢ircuit to the copper strip, where they re-enter the conductive medium in
one or more reactions whode nature depends on the electrolyte involved.

VARIABLE RESISTANCE

AMMETER K

VOLTMETER

Fig. 2. AS ABOVE, WITH ADDITION CF VARIABLE
RESISTANCE AND AMMETER
In an acidic medium, hydrogen ions are present due to the tendency of
acidic substances to disasgociate when dissolved in water. Sulfuric acid
in 8olution digaggociates into hydrcgen and sulfate ions, as follows:

H2S04 ~-~=> 2H* + S04-".

Likewige, hydrogen chloride, normally a gas, forms hydrogen and chloride
ions in aqueous golution, while nitric acid forms hydrogen and nitrate
iong, and gimilar reactiong occur for other acidg.

A~

When the electrons irom the zinc elecirods rsach the copper electrode
in an acid medium, they combine with the hydrogen ions %o form gaseous
hydrogen:

2e + 2H* ----)> Ha

The gulfate (chloride, nitrate, etc.} iong remain in the aqueous
golution, so that instead of pure zinc and hydrogen sulfate (chloride,
nitrate, etc.), we now have hydrogen gas and zinc gsulfate (chloride,

nitrate, etc.).
In non-acid (neutral, or alkaline) media, the electrong turned loose

by the zinc are congumed in other reactions, such as:

|
4
|
;
7

2 + 1/2 0z + Hz0 ---=> 20H~ or 2o + 2H20 ----) Ha + 20H™

b
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The OH, or hydroxyl, ions can combine with ions of zinc or other metal %o
form hydroxide, which may in turn break down to form hydrated oxides. The
rugting of iron or steel is an example of indirect oxidation via formation
of iong#, reduction of oxygen to form OH ions, formation of hydroxide, and
subsequont decompogition of the hydroxide to metal oxide and water.

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

2.2.2 Corrogion rate, driving potential. In Figure 2, a voltmeter aud
ammeter are shown. If the variable resistance is set to infinity, (i.e.,
open circuit) a voltage will be displayed on the voltmeter. This voltage
ig a measure of the inherent driving force behind the overall reaction

Zn + 2H* ~--=> Zn** ¢+ Ha or Zn ¢+ 1/2 02 + Ha0 ----> Zn(0H) 2

in the given media, The higher the voltage, the more the electrochemical

reaction ‘wantg’ to take place. The driving potential ig linearly related

to the difference in Gibbg free energy between initial and final products

of the corrogion reaction., Thig, in turn, ig the measure of the vy
tharmodynamic tendency of any chemical reaction to proceed. 1If delta G (G hd
final - G initial) is less than zero, the chemical reaction will have a
thermodynamic tendency to gpontaneously go forward.

If a current flows, the voltage meagured by the voltmeter will be less
than the open-circuit voltage, and heace ig not, at this point, an
indication of the inherent driving force behind the reaction. The current
measured by the ammeter ig, however, an accurate measure (neglecting local
effects at the anode) of the rate at which the anode is corroding. Each
atom of zinc, for example, can only deliver two electrons. Hence current
flow, measured in unitas of current per unit of anode area, is linearly
related to corrosion rate in units of mass (or, volume) per unit area per
unit time. For example, zinc (density 7.14 gram/cc., atomic weight
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85.38) , when subjected to a corrosion current of 1 microampere per square
centimeter, corrodes at this rave:

1 gram-equiv.

10"® coulomb* x of electronsg x 1 gram equiv. Zn
gec-cm? 06,489 coulombs 2 gram equiv. electrons

65.38 gram x cn® x 3600 2zec « 0.171 x 107® cm/hr.
gm-equiv. Zn 7.14 gram hr

2.2.3 Standard Electromotive Series. Each metallic a2lement (pure iron,
pure zinc, pure copper, etc.) has an inherent thermodynamic tendency to
form iong when immersed in an aqueous medium. Defining and measuring
thia tendency, however, needs some explanation. First, neither anodic nor
cathodic reactions can occur independently. Accordingly, the tendency of
a metal to form ions can cnly be defined and measured relative to a
standard cathode reaction, Furthermore, the behavior of a metal in
contact with an aqueous solution varies with the concentration of its ions
already in the sgolution.

Eleotrochemists define the gtandard potential of a pure metal by
measuring its volvage relative to a hydrogen electrode, with the metal in
contact with a solution of itd ions at unit activity (1 gram-mole per
liter, with an allowance for a vorrection factor called the activity
cogfficient). If unit activity cannot be achieved, a correction factor
can be applied to whatever concentration that can be achieved. The
hydrogen elactrode is likewige gurrounded by a sgolution with a unit
activity of hydrogen iong, with hydrogen gas at 1 standard atmosphere
feeding the electrode. A suitable ionic bridge separates the two
aforementioned solutiondg while providing ionic conduction, go that an
electrical potential difference can exigt and be measured. The
temperature ig maintained at 25C,

Under thade conditiondg, the reaction

M----> M + n electrons

will have an electrical potential relative to the hydrogen electrode
reaction

Hz ---=-> 2H* + 2 electrons,

The potential of the hydrogen electrode is arbitrarily defined as zero
volvd., Accordingly, dince zinc, under gtandard conditions, measures
~0.763 volte relative to the standard hydrogen electrode, itg standard
potential ig stated as -0.763 volts.

SELEEER] | 58
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A word about gign convention is in order here. Electricity is somewhat
like a aydreulic fluid, with veltage being equivalent to pressure and
current equivalent to flow rate. Since the bagic carrier of
electricity--the electron--is negatively charged by definition, the
negative terminal of a battery or D.C. generator ig the terminal where the
electrong are under ‘pogitive pressure’. In a corrosgion cell, the
electrons are under pogitive pressure at the anodic, or corroding metal,
while at the cathodic metal they are under °“guction®, even though the
former ig labeled *-' and the latter, "+°. .

Under the game conditions, iron has a standard potential of -0.440
volte. Magnesium hag the highest standard potential of all structural
metals, -2.37 volta. 1In all instances where the gtandard potential is
negative, the metal tends to go from the pure gtate to iong in golution,
while at the hydrogen electrode, the hydrogen ions tend to absorbd
electrong and become hydrogen gas.

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

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

The hydrogen would have a thermodynamic tendency %o form H* ions,
and the electrong thus dstached would be under 1.50 voltsg “pressure”’
relative to the gold elcctrode. Accordingly, with the 8ign convention
described above, the standard electrode potential for gold ig +1.50 volta,

The electromotive force seriegs (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 ircn (standard potential -0.440 volts)
will have a tendency to corrode, while the copper (std. pot. +0.237 volta)
will deionize. The overall reaction would be

Fe + Cu** ~---) Fe** + (Cu.

HIGH, BUT FINITE
RESISTANCE _—\ POROUS IONIC BRIDGE

;

) ELCECTRON FLOW

,//
7 c
2 Hii

UNIT ACTIVITY Fe++ UNIT ACTIVITY Cu++

Fe

Fig. 3. APPARATUS FOR DENONSTRATING DIFFERENCE IN STANDARD
POTENTIAL BLTWEEN IRON (I'e) AND COPPER (C«)
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ELECTRON FLOW

N
.

UNIT ACTIVITY Fe++ UNIT ACTIVITY zpt+

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

On the other hand, the iron electrode in Figure 4 (again, =-0.440 volts
std, pot.) will be protected while the zinc electrode (gtd. pot. -.763
volts) will corrode. This ig, in fact, what happens in the real world
when mild steel ig galvanically protected by zinc coatings. In the caze
of copper and iron, it likewise so happens that copper in contact with
gteel in gea water results in accelerated corrosion of the steel.

TABLE 1
Mg ----> Mg++ +  2e- ~2.370 volts
Al ----=) Al+++ + Je- ~-1.660 v
Zn ---=> Zn++ + 2e- -0.763 v
Fe ----) Fe++ + 2e- -0.440 v
Ni ----> Ni++ + 2e- -0.250 v
Sn =---> Sn++ + Z2e- -0.136 v
Pb ~---)> Pb++ + 2e- -0.126 v
H2 ----> 2H+ + 2e- 0.000 v
Cu ----> Cut+ + 2e- +0.337 v
Hg ----> Hg++ + 2e- +0.854 v
Pt ----> Pt++ + 2e- +1.200 v
Au -=---) Aut++ + Je- +1.500 v
2.2.4 Galvanic Seriesg, The standard electromotive gerieg must not,

however, be uded as a degign guide, because it does not reflect real world
conditions. In actual engineering situations, metals are not surrounded
by unit activities of their ions. Engineersg dealing with corrosgion
situations involving coupling of dissimilar melals would be better to
consult a galvanic geriesg, which ranks various metals and alloys when
coupled to a standard electrode in sea water, or saltwater of a given
concentration, and with given flow velocity. A galvanic geriesg for sea
water is given in Table 2.
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) TABLE 2. GALVAKIC SERIES OF SOME COMMERCIAL METALS
AND ALLOYS IN SEAWATER

Platinum

Gold
Noble or Graphite
cathodic Titanfua

Siiver

fChlorimet 3 {62 N1, 18 Cr, 18 Mo)

LHastelloy C (62 Ri, 17 Cr, 15 Mo)

[18-8 Mo $tainless steel (passive)

18-8 stainless steel (passive)

LChromfum stainless steel 11-30% Cr (passive)

[lnconel (passive) (80 NI, 13 Cr, 7 Fe)
Nickel (passive)
Silver solder

fHonel (70 Ri, 30 Cu)
Cupronickels (60-90 Cu, 40-10 Nf)
Bronzes {Cu-3n)

opper
Brasses {Cu-In)

Chlorimet 2 (66 Ni-, 32 Mo, 1 Fe)
Hastelloy B (60 Ni, 30 Mo, 6 Fe, 1 Mn)
[lnconel {active)

Nickel (active)

Tin
Lead
Lead-tin solders

[18-8 Mo stainless steel (active)
18-8 stainless steel {active)

Hi-Resist (high Ni cast {ron)
Chromjum stainless steel, 13X Cr (active)

Cast iron
Steel or {ron

2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 Mn)

Active or Cadmium
anodic g?nnerclally pure aluninum (1100)
nc

Hagnesium and magnesiun alloys

2.2.5 Polarization and Corrogion Potential. When a corrogion situation
guch ag Figure 1 ig get up, the corrosion rate at the anode (in masg or
volume per unit area per unit %ime) ig directly proportional to current
dengity at the anode., The currant flow, in turn, ig limited by the
registances of the electronic conduction path, the solution, the
interfacesg between golution and anode, and golution and cathode. In an
engineering corrogion gituation, one must congervatively agsume that the
electronic and ionic conduction paths offer negligible registance to
current flow., The only phenomena holding back the current is polarization
at the anode, the cathode, or both. At the anode, ions of diggolved metal
can act ag a sheath, partially blocking further digsgolution. Layers of
corrosion products can also hinder further digsolution. At the cathode,
electrong can only be disposed of as fast as the kinetics of hydrogen
reduction and discharge, or oxygen diffugion and reduction, will allow.
Refer to Figured 5 and 6. The electrochemical potential of both anode
and cathode are measured relative to a reference electrode, such as the
mercury/mercurous chloride reaction. At infinite ex%ernal resistance (no
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current flow), the anode will pogsess one characteristic potential Eso,
and the cathode will likewise pogsess a characteristic potential, Ece.
The difference between Eae and Ese iz the characteristic driving force
behind the corrogsion reaction. When current is drawn, the potential of
the anode E.d:becomes less negative (or more positive) due to anode
polarization. The cathode potential E-gq becomes less positive (or more
negative) due to cathode polarization. KQL,

R ::——AMMETER ;
SENSITIVE VOLTMETER

r_.__._.[:j::::::rm
Ecell
£ ENSITIVE L
a "@;ﬂ@f i A
Standard
Reference :ELECTROLYTE

Zn ——_| | _—Cu

Fig. 5. APPARATUS FOR MEASURING POLARIZATION

POTENTIAL w/ respect
to reference electrode

3
'ﬂ' Eeo
E,
cell E
a:iopen c at arbitrary 1
circuft -E ;
S8'3rbicrar Ecore
v///’/”/,,f' L, st arbitrary 1
v
ao
Current (1)
I, arbitrary 1, corr

Fip. 6. POLARIZATION CURVLS
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A% zero externzl resistance (short circuit), current flow is limited
entirsly by polarization, neglecting electrolyte resistance. The anodde
and cathode will now have the game potantial Ecerr Pelative to the
gtandard electrode. This ig the corrosion potential of this particular
system. The corrogion current, lcorr fiormalized to anode area, is
linearly related to corrogion rate, as 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 Es changes very little, the corrosgion current at
ghort-circuit will be limited by anode polarization (zee Fig 7a). The
corrosion process ig then said to be under anode control. Likewise, if

i the cathode pularizes readily while the anode does not, the corrosion
processg ig said to be under cathode control.

POTCNTIAL VB;STANDARD ELECTRODE

-
CURRENT DENSITY

Fig. 7a. CORROSION UNDER ANODE CONTROL
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Fig. 7b. CORROSION UNDER CATHODL CONTROL

The preceeding paragraphs assumed equal anode and cathode areas. If
the areas are not equal, the current densitieg 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 must be
accounted for in a cathodic reaction.
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In engineering corrogion situations 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 at the former than at the latter. 1If cathode polarization is an
important factor (it usually is, because of the kinetics of the oxygen
reduction reaction 1/2 0z + Ha0 + 2 electrons ----> 20H-), total
corrogion current will be limited to a low value because, at that value,
the cathode curren% density is a8 great as the kinetics of cathode
reactions will allow, In addition, the low total corrosion current is
digtributed over a large anode, resulting in a low rate of corrosion in
terms of metal losg per unit area. With a large cathode and small anode,
cathode polarization is less pronounced, because for any given total
current the cathode current density is low. And even a low total
corrogion current will result in a high corrogsion rate in metal lost per
unit area per unit time, because there is lesgs anode area over which to
distribute the logs. Thig is why large cathode/anode area ratios should
be avoided in engineering design.

2.3 Thermodynamics vs Kinetics. The diagrams shown in Figures 6 and 7,
knovn ag Evang diagramsg, can algo be used to illustrate the distinction
between thermodynamics and kinetics. Figure 8a ig an Evans diagram of a
corrosion gituation where there ig a strong thermodynamic driving force,
ag represented by the large difference between anode and cathode N
potentials., Fig. 8b illugtrates a small driving potential. Note that in
Fig. 8a the corrogion rate is low because of pronounced polarization
effects. The reaction in 8a is favored thermodynamically but not
kinetically. In 8b the reaction does not have a powerful thermodynamic
driving force, but proceeds more rapidly becauge there is little
polarization. This means that rate-limiting kinetic factors are not
strongly manifested in Fig. 8b. In Fig. 8a, kinetics constitutes the
dominant facter. Figures 8a and 8b illustrate how kinetics can override
thermodynamicg in determining corrogion rates,

)

LARGE DRIVING
’4 POTENTIAL

1

1corr

Fig. 8a.
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Fig. 8b.

Fig. 8. EVANS DIAGRAMS SHOWING HOW KINETICS CAN OVERRIDE
THERMODYNAMICS 1IN DETERMINING CORROSION RATE

2.4 Real-World Corrogsion Effects. Corrosion caused by dissimilar
metals in contact with one another iz an important problem in real-world
enginaeering design. However, a bimetallic couple need not be present to
get up an electrochemical cell. If a strip of mild steel is placed in an
acid golution, different regions on the metal surface will become anodic
and cathodic, shifting from time to time, because of non~uniformities in
the steel’s nicrostructure. Particles (i.e., carbon) can act as cathodes,
getting up small electrochemical cells. Exposing a metal surface to an

N electrolyte where the concentration of metal iong varies from one location
to another, will get up an electrochemical differential concentration cell
{often referred to simply as a concentration cell). 1In metal structures
with jointg, crevices 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 corrogion. When '
a metal is expnged to an electrolyte, any phenomenon that creates an
elactrochemical potential difference between one location and aaother will
cauge the anodic area to corrode.

oL
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2.5 Formg of Corrogion, Corrosion manifegts itgelf in a variety of
formg. It can cause uniform wastage of metal, or it can manifest itsgelf
ag intense metal diggolution over a gmzll area. A summary of the forms of
{ corrosion encountered by the design engineer ig given ag follows,

:

. 2.5.1 Uniform corrosgion. Thig happend when a metal surface, upen
expogure to the atmosjhare or an alectrolyte, formg minute anodic and
cathodic regions which shift about as corrogion progresses, Rusting of
iron or gsteel ig the most tamiliar example.
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2.5.2 Pitting. Pitting is a looalized phenomena whare small aress
corrode preferentially, forming cavities (pitg) in a metal surface. This
type of corrogion occurs when metals that form pagsive oxide layers (i.e.,
gtainless gteels) are expoged to environments containing certain ions,
notably chlorida. The corrogive iond penetrate weak points in the
normally protective oxide layer, creating localized corrogion cells. The
localized corrogion gite, or pit, is the anode, while surrounding
uncorroded metal is the cathode. Pitting ig a very destructive form of
corrogion, becauge the pits tend to rapidly become deeper until
perforation of a component (i.e., tubing) occurs.

2.5.3 Crevice Corrosion. Thig occurs in locations suck ag joints or
recegses (see Figure 9). One mechanism accounting for crevice corrogion
ig differential aeration, where metal within the crevice is subjected to
legs oxygen than the surrounding metal. The greater availability of.
oxygen outside the crevice gets up an electrochemical cell, with the
crevice ags the anode. Once metal diggolution beging, the 2orrogsion
process becomes autocatalytic (as in pitting), resulting in intense
localized corrosgion.

L fb%?)‘“’y/’/’ﬂj

Fig. 9. CREVICE CORROSION

2.5.4 Poultice corrogion. Thig occurs when deposzits of mud or other
debrig hold stagnant moigture in contact with a metal gurface. As with
creviceg, differential aeration sets up an electrochemical cell which
initiates corrogion in oxygen-starved locations. In addition, such
deposits absorb meisturs from the atmesphere. They algo tend to prolong
the presence of moidgture which would otherwisge drain away or evaporate.
Thig invariably increades corrosion difficulties.

2.5.5 Galvanic Corrogion. All formg of corrosion are "galvanic’,
becauge differenced in electrochemical potential between anodic and
cathodic metals, or regions of the same metal, drive the process forward.
When engineers speak of galvanic corrogion, they are referring to
corrogion of one matal 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.
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Galvanic corrogsion of a2 gacrificial metal can be used to foregtall
corrogion of a metal one wants to protect. Steel storage tanks located é§§
underground in conductive s80il can be protected by placing sacrificial

anodeg of zinc or magnesium in proximity to the tank, with an electrical

cornection between them. Zinc coatings on steel are beneficial because

the former corroded sacrificially, protecting the latter at pores,

scratches or other digcontinuities in the coating.

2.5.6 Stregs-Corrogion Cracking. (SCC) can happen when a metal or
alloy, sugceptible to a given corrosive agent, is exposed to that -
subgtance while gimultaneously under tensile stress. Brass cartridge
cagses were at one time gusceptible to "seagon cracking® during the monsoon
geagon in India, due to presence of ammonia in ths local atmosphere. SCC *
affects a number of alloys including stainless gteels, and alloys of
aluminum, magnesium, and titanium. A related phenomena, hydrogen
embrittlement, ig a prchlem with high gtrength steels.
Plagting can suffer giress-corrogion cracking. Some polymeric
materialsg (i.e., polycarbonates) will "craze®, or develop a pattern of
surface cracks, when exposed to certain chemicals.

o T
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2.5.7 Intergranular Corrogion. Thig is preferential corrosive attack
along grain boundaries, ariging from electrochemical potential differences
between graing and grain boundary precipitates. Intergranular corrosgion
is a problem with austenitic stainlegs steels gubjected to improper heat
treatment, unintentionally, during welding., Chromium carbide precipitates
form at grain boundarieg, leaving adjacent graing depleted in chromium and
hence vulnerable to corrosgion,.

-
. X

)

2.5.8 Exfoliation, or layer corrosion, is a problem with high strength
aluminum alloys. It occurs when a vulnerable alloy ig rolled so as to
form an elongated grain structure. Upon expogure to an electrolyte,
corrogive attack proceeds along subsurface pathg parallel to the surface.
The corrogion products occupy a larger volume than the alloy itself, and
therefore delaminate layers of uncorroded metal.

2.5.9 Dealloying, or Partir¢ Corrosion. In certain alloys, a ccrrosgive

medium may gelectively dissolve one or more alloying elements without v
diggolving the whole alloy. A familiar example is dezincification of

bragg., Cast iron ig dusceptible to a form of dealloying corrosgion whereby

the corrogive medium leached away the metallic portion of the cast iron

g*ructure, leaving behind a poroug mass of carbon.

|

o

2.5.10 rretting Corrogion. This occurg when twc surfaces, at least one !

cf which i8 metal, are in contact with relative movement between them, in ’@

the presence of a corrogive mediur The regult ig pitting, or &

gstregs-corrogion induced cracks. une mechanigm involved in fretting pé

corrogion may be wearing away of protective films, leading to the damage

described above. @ «
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§§§ 2.5.11 Corrosion Fatigue. This is a premature failure caumed by
repeated gtress cycling in a corrogive environment.

Ordinary fatigue ia characterized by logs in strength of a test
gpecimen ag a raegult of stresgs cycling a given number of times. The
fatigue characteristics of a given material can be expressed in graphical
form by plotting strength 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 less than the
corresponding strength when no corrosive agents are present.

8
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5 FATIGUE WITHOUT CORROSION
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ENDURANCE
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FATIGUE WITH CORROSION
S
NUMBER OF CYCLES
X
Fig. 10. CORROSION-FATIGUE

2.5.12 Impingement, or Erosion, Corrosion. This occurs when a

corrogive fluid stream impinges on a metal gsurface, resulting in localized
erogion. This type of corrogion is encountered mainly in fluid systems
guch ag heat exchangers.

B
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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 elementg: anode, cathode,
electrolyte, conduction path. The electrochemical potential difference
necegsgary to create an anode and cathode may be due to diggimilar metals,
multiple phases within an alloy's microstructure, surface defects or
contaminantd, or design details such as crevices. Knowing the fundamental
cauged and formg of corrodgion, one can move on to the study of methods of
breaking the corrosgion cycle.

Looking at corrogion from the theoretical viawpoint, one can interrupt
the corrogion proceds at one or more of the four bagic elements, as
follows.

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

M~----> N + n electrons.

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

3.1.2 The Cathode. Excepting high temperature oxidation, corrosion
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 metals or
other materials (i.e., graphite in lubricants) that are cathodic with
regpect to the metal to be protected. Impurities in various alloy systems
(i.e., copper, iron, or nickel in magnesium alloys) can form local
cathodeg, When uging materials that are gensitive in thisg regard, quality
control standards must be maintained.

* Reduce the cathode/anode area ratio. If the cathode ig reduced in
area relative to the anode, the rate of cathodic reactions will be
reduced. The overall corrosion cycle will likewige be diminished, because
the rateg of electron trangfer at anode and cathode mugt be equal.

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

In gome cloged systems involving a liquid, inhibitors can be uged to
reduce the rate of cathodic reactiong. An example is inhibitors used in
acid pickling baths, so that the acid disgolveg uxide layersg while the
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base metal ig protected. Such inhibitors work by inhibiting the hydrogen
discharge reaction at local cathodic gites.

3.1.3 The Electrolyte. An electrolyte is necessary for virtually all
corrogion of engineering importance. Accordingly, one can reduce
corrogion of metal gtructures by eliminating the electrolyte, or rendering
it less harmful. The engineer can degign an article or syatem so asg to
eliminate "sump" areag where moiuture could accumulate, or provide drain
holeg at the loweat points of such aread.

3.1.4 The Conduction Path. In any electric battery, the metal °"fuel”
does not "burn® (corrode) when no current ig drawn. Or, if it does, it
doeg do very gslowly. The reagon? When a radio, flaghlight, et cetera, is
not turned on, there is no electronic coanduction path between the
battery's anode and cathode. The functioning of any battery is simply
galvanic corrogion, deliberately induced in a controlled manner to harness
the energy released when a metal, such ag zinc, goes from the pure sgtate
to a chemical compound.

In degign gituations where diggimilar metals are in proximity in the
presence of an electrolyte, one can prevent an unwanted short-circuited
"battery® by not having physical contact which would provide an electrical
connaection betwesen the anode and cathode. When joining dissimilar metals,
the joint should provide for adequate transmission of mechanical forces
but not electrong. The designer can achieve this by specifying insulating
gieeved, washerg, gaskets, and go forth, to break the electrical short
circuit that would otherwisge exist.

3.1.,5 Alteinate Approacheg. There are approaches to reducing corrogion
that are not covered by the above categories. Zinc coatings on steel, or
sacrificial anodeg to protect steel structureg underground (or underwater)
are examples of using the forces of electrochemigstry to work in one’s
favor. A variation of this approach is rendering a gtructure artificially
cathodic by impregding an electrical potential between it an an inert
anode, uging an external power source. In fact, metals that “passivate’
(form protective oxide layers) can be protected in gome electrolytes by
rendering them arvificiaily Anodicl

3.2 Desgign Engineer's View. Real-world corrogion gituations do not
involve a physically separate anode and cathode, except for thosge
involving diggimilar metals., Accordingly, approaches to fighting
corrogsion from the engineer's viewpoint (as opposed to the theoretical
viewpoint) should algo be examined. These approaches are as follows:

1. Select *ane right material for the job.
2. Apply protective coatings.

3. Use proper degign techniques.

4, Modify the environment.
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3.2.1 Material Selection. The first approach means avoiding, if

gga* pogsible, materials that are unguitable for the operating environmment. An
example is aluminum alloys for aircraft. At one time, aircraft engineers
used alloys such ag 7075-T8 extensively, because of their superior
gtrength, However, 7075-T6 ig very vulnerable to corrosion, compared to
the same alloy with a modified heat treatment, i.e., T075-T73.

When ugsing multiple materials, the engineer musgt consider
compatibility. Combinations of materials which are vulnerable to
deterioration of one of the materialg should be avoided if one can uge
acceptable alternative combinations. Ad an example of compatibility, many

. aluminum alloys are acceptable in typical atmosphereg. Copper alloys,
guch ag bronze or brassg, also resist atmcspheric corrosion. However, the
combination of aluminum in contact with copper (or its alloys) is

» vulnerable to corrogion of the aluminum, because of galvanic effects.

3.2.2 Protective Coatings. Clogely related to the above approach isg
application of protective ccatingsg to isolate a vulnerable material from
corrogive agentsg. It would be uneconomical to ude stainless gteel for the
bodieg and frames of tactical trucks. Hence plain carbon or low-alloy
gteels, adequately protected with zinc and organic coatings, are the best
remaining choice right now. Aluminum alloys, plastics, and composites
deserve congideration for new designs. (See Chapter 9 fer aluminum design
congiderations.)

3.2,3 Degign Techniqued. Students of corrogion and degign engineers

ib would agree that getting rid of electrolytes is one way to interrupt the
corrogion process. Many of the design principles recommended in SAE
literature and article# are baged on the fact that, if no electrolyte is
predgent, there will be no corrogion. Eliminating sump areas or providing
drain holes can reduce corrogsion problems, though it ig difficult to
eliminate moisture completely.#

Other asgspects of proper design include avoiding crevices when
posgible, and avoiding design features that make it difficult for
protective coatings to function. Orevices not only create corrogion
cellg, but also trap liquid corrosives., Sharp corners are difficult to
coat evenly, and are therefore more vulnerable to corrosion than sgmooth,
evenly coated surfaces.

Examples of proper degign will be digcussed further in gubsgequent

. parts of thisg report.

L g

P urR

-

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

# Ag far ag the motor vehicle design engineer is concerned,
‘electrolyte” and “moigsture’ can be considered synonymous.

&5
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inhibitors, and lubricants can also be properly formulated for a given -
application., Fuelds can be a problem, becaude of moigture, sulfur, and Sgﬁ
microorganisme., Additivesg are one way to address fuel system problems.

Hydraulic and tompregsed air sydtems can suffer internal corrosion

problems. Proper brake fluid sgpecification (i.e., gilicone fluids) is

another example of corrogion prevention by modifying the environment.

3.3 Spoacific Degign Approacheg: Tailoring the Solution to Fit the

Problem. I1f a dezign engineer knows what form of corrosion to expect

with 2 given component, correciive measures can then be tailored to the -
problem, For example, pitting, intergranular ccorrosion, and

gtress-corrogion cracking (SCC) are known to be problems with stainlesa

gteels, Exfoliation and SCC are known to occur with aluminum alloys. s
Mothods of dealing with gpecific forms of corrogion are outlined
below. }

3.3.1 Pitting. This is normally a problem with °passive” alloys (i.e.,
stainlegs steels) in chloride-containing media. The designer can reduce
pitting via these approaches:

o Suitable Alloying. Stainlesg steels modified with additicng of
molybdenum are l&ss gsusceptible to pitting than non-molybdenum-
bearing stainlegs steels. This ig why type 316 stainless steel
(18% chromium, 10% nickel, 2% molybdenum) is more resistant to
pitting than type 304 (aldgo 18% Chromium, 10% nickel, but no

molybdenun.) :::
o Protective Coating. A suitable coating will igolate metal
gurfaces from pitting agents.
o Modification of the operating environment. In closed systems,
inhibitors can reduce pitting by maintaining the passivity of a
metal surface. Another modification that may be possible in closed
systems is reducing the concentration of gubstances that promote
pitting, i.e., the chloride ion.
3.3.2 Crevice and Poultice Corrogion. Crevices should be avoided when .

poggible., Welded joints are preferable to bolted or riveted jointsg, and
butt-type welds are preferable to overlapping welds if the latter are not
necegsary for structural strength. When crevices are unavoidable, metal .
surfaces in or near a crevice ghould be protected by organic coatings and {
gsuitable caulking compounds. Rustproofing compounds, with their ability
to penetrate into crevices, are helpful. So are electrophoretic (E-Coat)
primerg, which can get into crevices better than conventional organic
coatings.

Crevices can be created in welds with incomplete penetration (gee
Figure 11). Also, intermittent welds (gee Figure 12) may conserve weld
metal, but they also create gites for crevice attack. The degign engineer
gshould gpecify continuous weid geams g0 ag to elimirate guch gites.

When uding boltsg to fasten a bracket 4o a frame, the bracket and frame
ghould each be cleaned, and subjected %o the dgpenified organic finighing
gcheme, prior to aggembly. Thig way, unfinigshed (and unprotected!) metal
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will not be in a hard-to-reach crevice. 1In addition to the organic
finishing scheme, the designer should also use a sealing compound between
tha gurfaceg being joined for additional protection.

rn*”

-/J w«) CREVICE
CREVICE 3

Fig. 12. CREVICE POSSIBILITY WITH INTERMITTENT WELDS

If o body or astructurce is to be welded, it ig not posgible %o paint

é

A é

Fig. 1l. CREVICES IN WELDS WITH INCOMPLETE PENETRATION é

é

before asgsembly. Each piece should be cleaned in the area of the weld, n

and the designer should specify a continuous weld all around. After all

welding ia completed but before anything else ig bolted on, the assembly
should then be cleaned and painted.

Poultice corrogion can occur when absorbent materiale that attract

moigture 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

© O 0O O
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The golution is8 to avoid placing materials guch as these in contact
with metalsa. Alternatively, one can employ protective coatings on the é§§
metal, and also specify suitable treatments for the offending non-metallic
material.

Some varieties of wood are known to exude corrogive acids. The
engineer should avoid placing them in contact, or even (in enclosed areas)
in close proximity with metals, unless the metal is adequately protected
and the wcod properly treated.

Avoid, if at all posdible, recessed areas that may collect dirt, mud,
or debrig. These deposits attract and retain moigture, causing poultice
corrosion, particularly in salt-laden atmospheres.

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

coating the anode

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

© ¢ O o

While the anode ig the metal that corrodes, it should not be coatad
without coating the cathode as well. The engineer must be aware of the
catchment area principle, whereby the anode current intensity (current,
hence metal removal rate, per unit area) ig inversely proportional to the
anode/cathode area ratio.*¥ If the anode ig coated and subsequently placed
in contact with an uncoated cathode, any discontinuity (holiday) in the
coating will result in a large cathode/small anode situation. Intense
corrodion of the anodic metal will occur at the discontinuity. If the
cathode is coated while the anode is not, any discontinuity in the coating
will result in a small cathode connected to a large anode. The enguing
increase in anode corrosion will be small, and furthermore will be
digtributed over a relatively large anode rather than concentrated in a
small area.

When rivets are used to join sections of a given metal, they should be
cathodic to the metal. Likewige, if sections of a given metal are to be
welded by procegsesd requiring filler metal, the engineer ghould select a

¥ Thig principle aggumeg that corrosion rate ig limited by the kinetics
of oxygen reduction at the cathode.
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filler that iz somewhat (but not excessively) cathodic tc the metal being
welded. Utilization of cathodic rivets or cathodic weld filler metal
reduces galvanic corrogion by minimizing cathode/anode area ratio.

Threaded connections between dissimilar metals are inadvisable due to
the possibility of rapid corrosion of the anodic metal between the
thraade. Brazing is the preoferred technique for joining tubing made from
diggimilar metals. The brazing alloy should be cathodic to at least one
of the metals. ;

When digsimilar metals are aggembled with fasteners, a short-circuited
electrochemical cell will not occur if one uses non-conducting fastener
arrangements, Insulating washers, insulating bughings, and insulating
sealing material between faying surfaces will accomplish this goal (gee
Figure 13). Tapeg made from non-absorbent material will protect faying
surfaceg from corrogion. All surfaceg should be coated before assembly to
avoid exposing bare metal to galvanic and crevice effects., When uging
gealing tapeg, the tape should extend an inch or two (or, a few
centimeters) beyond the faying surfaces g0 as to lengthen the electrolyte
path in atmospheric corrogion situations.

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 corrogion can be a problem even when similar metals are
joined, because of electrochemical potential differences between the metal
objects joined and the fastener, In atmogpheric corrosion situations, the
catchment area principle is not applicable because there is not enough
electrolyte to "spread out” the cathodic effects of a fastener over a
large anodic surface area. Accordingly, when joining metals guch as
aluminum or magnesium, the degigner must use fasteners that are
galvanically compatible with the parts beiang fastensd. Cadmium-plate
bolts, nuts and rivets are helpful in reducing aluminum corrogion. With
magnegium, the only fasteners permiggible are thoge made from certain
aluminum alloys

Galvanf%bd’gz;ies and Metal Compatibility Considerationg. The design
engineer must consider not only the guitability of a given metal in the
anticipated dervice environment, but aldo compatibility of metals with
each other, Galvanic corrogion can be minimized by selecting dissimilar
metals whode electrochemical potentials are close to one another, thus
minimizing the "driving force® behind corrogion reactiong.

When sgselecting metals and alloys for service in contact with one
another, tableg listing standard electromotive potentialg should be used
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with caution, because standard potentials do not represent the real
world. Algo, standard potentials are defined only for pure metals, A 6@@
more realigtic criterion is based on measurement of the electrical
potential of a given metal in contact with an actual operating environment
such ag sea water.* The potentials of various metals and alloys
determined in this manner constitute the bagis for galvanic geries charts,
in which metalg and alloys are ligted in order of their measured
eloctrical potentials in a specified environment, A galvanic series besed
on an NaCl golution would be most relevant to the design engineer, because
common galt (NaCl) is a frequently encountered corrodent.
For military vehicleg, a galvanic series based on gea water (gee Table -
2) is a reagonable criterion for material selection. Military vehicles
such ag main battle tanks have to withstand water (including gea water) as
part of their assigned misszions. N
If two metals or alloyg are widely separated on a galvanic series
chart based on a given electrolyte, one can assgume that the anodic
material will have an increased tendency to corrode when the given metals
are coupled in the presence of that electrolyte, vis-a-vig metals or
alloys not as widely geparated on said chart.
Finally, galvanic corrogion 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.), occurs when a vulnerable
material is subjected to certain corrogive media while under applied or
regidual tensile gtresgd.

Among aluminum alloys, gsome combinations of alloy composition and
temper (metallurgical condition achieved through thermal and mechanical
treatments) are susceptible to S.C.C. in aqueous media and in the presence
of some non-aqueous gubstancegs. Copper alloys are subject to "season
cracking” caused by the presence of ammonia in the operating environment.
Stainless steelsd are prone to S.C.C. in solutiong containing certain ions,
most notably the chloride ion.

Avoiding or eliminating S.C.C. essentially boils down to changing one
(or more) of three essential elements: material, media, and tensile
stresg., Specific design practiceg include the following:

o Select the right material. For example, various high-strength
aluminum alloy-temper combinationsg are known to be susceptible to
5CC. Aluminum structures should therefore not utilize such
combinationg, particularly when residual tensile: stressges are
created during welding. :

o Use siress-relieving heat treatment to eliminate residual tengile

¥ A gstandardized electrode, such ag the gaturated calomel half-cell,
provides the required reference potential.
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stregs.* Another approach along these lineg ig to uze shot
peening or surface rolling to induce residual compresgive stredgses
at the surface of a part.

o Specify a suitable coating or cladding., However, electroplating
high-gtrength ateele2 can introduce hydrogen into the base metal and
thus cauge embrittlement. Therefore, use coating processes that do
not introduce hydrogen, when treating high-gtrength steels.

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

o Design partz and dystems so as to avoid gtreds raisers; also, avoid
creviceg where S,C.C.-promoting ions could concentrate.

o Modify the environment, if pogsible. In closed #ystems, one can
add a suitable inhibitor, adjust the Ph, or eliminate S.C.C.-
cauging subgtances,

Metallic materials are not the only materials gsusceptible to
gtregs-corrosi.a cracking. Polycarbonates (i.e., "Lexan R ") are
sugceptible to stress-cracking in the presence of oxygenated/chlorinated
degreasing solventg., Rutber guffers cracking due to ozone. The solution
to thege problems ig to to usge antiozonants in rubber, and (as with metals
and alloys) avoid exposing gusceptible materials to combinations of
tengile gtress and gpacific chemicals known to cauge cracking.

3.3.5 Intergranular Corrogsion (preferential corrogive attack along grain
boundarieg). Thisg occurs in alloys that form precipitates at grain
boundarieg during deliberate or unintended thermal or mechanical
treatments. Stainleds gteels and gome aluminum alloyg are most likely to
guffer thig form of corrosion., Precipitation-hardenable aluminum alloys
based on the Al-Cu, Al-Mg (Mg content > 3% by weight) and Al-Zn-Mg systems
can become prone to intsrgranular corrogion ag a result of precipitates
whose electrochemical potentials differ significantly from the potentials
of nearby graing, The precipitates and grain boundaries form galvanic
celld when subject to an electrolyte., Ad a result, either the precipitate
particles corrode, or they act ag cathodes and stimulate attack on
adjacent grain boundaries.

Augtenitic stainless steels are prone to intergranular corrogion when
gubjected to improper heat treatments. When these alloys are heated to
temperatures lying within the sensitization range for the right length of
time (see Figure 14), carbide precipitates form at the grain boundaries.
These cartides 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.. gtainlegs stesls) sugceptible to
intergranular corrosgion.
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boundaries of adjacent graing; consequently the grain boundaries are

deficient in chromium, Thig condition renders gtainless steele

gusceptible to corrogive attack along these boundaries.
gengitization can occur during welding. Narrow zones of metal on each
gide of a weld may be gubjected to the right temperature range, for the

right length of time, to cause carbide precipitation.
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i{ intergranular corrosion id a problem, the degign engineer can usge
thege approached:

0 Specify stainleas steel (S.S.) with low carbon content.
Low-carbon
modifications of stainless steels such ag AISI 316 (the low-carbon
grade ig known a3 type 316L) are available for applications
involving welding.

o Specify S.S. alloys which include columbium (algo known as
niobium), titanium, or tantalum in small amountd. These el]-~ments
combine with carbon in preference to chromium, thus preventing
depletion of chromium from grain boundaries.

0 Specify proper heat treatment before subjecting the part or
agsembly to the anticipated service environment. For example,
heat treatment after welding is often necessary for gtainless
gteels, to reverge grain boundary carbide precipitation caused by
welding. This means heating to a temperature high enough to
diggolve carbide precipitates. Subsequent quenching should be
rapid enough to avoid subjecting the surface to temperatures in
the gensitization range for periods of time sufficient to induce
carbide precipitation. The temperature vs time curve of the
quench operation should miss the "nose” of the time vs temperature
curve repregenting carbide precipitation for the type of steel
involved. (Refer to Figure 14#)

*Knife line" attack of stabilized S.S weldments can be prevented by
heating the structure, after welding, to a temperature such as to cause
columbium (or titanium) carbide to precipitate in preference to chromium
carbide.

3.3.6 Exfoliation Corrogion. Wien using aluminum alloys in components
or gtructures, exfoliation can be minimized by:

o Utilizing alloy/temper combinations that do not suffer this
form of corrosion.
o Applying protective coatings, especially to faying surfaces and

surfaces in contact with fagtenars,

o Avoiding exposure of the short transverse direction to the
environment. (gee Chapter 9, par. 9.1.3).

3.3.7 Dealloying (parting) corrogion. This is a problem mainly with
grey cast iron or certain copper alloys. If it becomes a problem, the
degign engineer can:

o Specify copper alloys whoge zinc content is no greater than 15%.

¥ Shrier, L.L., PhD., Corrosion, Vol. 1, page 3:46., Newnes-
Butterworth, London, 1976.
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o Spacify bragdes inhibited with tin, antimony or arsenic., The Qg@
latter is frequently used as an alloying addition to Cu alloys for
inhibiting corrosion.
o Avoid areas where stagnant solutions come into contact with
fusgceptible Cu alloys, when designing cloged systemg. Such
conditiong, accompanied by surface deposits, encourage
dezincification. Copper or brass radiators in automobiles and
trucks can suffer external dezincification, due to exposure to
road deicing salts. Argenical cartridge brass, uded in place of
regular brasd, solved this problem in northeastern Canada.* .
o Specify nodular, malleable, or white cast iron instead of grey
iron, to avoid graphitization corrogion.

3.3.8 Fretting corrosion between moving parts in contact with each other
can be minimized by the following measures:

o Increage gurface hardness by shot-peening or cold working.
0o Use a sacrificial soft surface in contact with a hard surface.
Example: +tin-, lead~, or gilver-coated metal in contact with

gteel,
o Eliminate relative movement by roughening surfaces, or increase
the locad normal to the gurfaces. Be aware, however, that if the

load ig not increaded sufficiently, fretting corrogion can
actually increase.

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

o When trangporting wheeled vehicles, such as by railroad, one can el
prevent corrosion of wheel bearings by securing all axles. The
idea ig to prevent the 8light back-and-forth movements 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
gtresges, corrective measgures include: )'

o Eliminating stress raisers (or reducing bheir effects). ;
o Creating regidual compressive stressges by shot peening or other '
means., .
0 Specifying protective coatings,
3.3.10 Erosgion Corrogion. This occurs mainly with marine systems or in
fluid handling gydtems such ag heat exchangers. Some military vehicles,
% Park, Kwang., Dezincification Corrosgion and itg Prevention for
Copper/Brags Radiators. (SAE Paper #851829, From Proceedings of the
2nd Automotive Corrosion Prevention Conference, SAE Fublication
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guch ag the Light Armored Vehicle family, are expected to operate in water

and are even provided with propellers for that purpose. The designer %
ghould therefore take a few precaution againgt erosion-corrogion as
follows:

o When using copper-nickel alloys, the alloy must have about 0.5%
iron to resist erosion corrogion#

o Propellers for watercraft must be designed so that the critical
velocity for cavitation (a form of erosive attack) is not
exceedad for the material used. Either limit the propeller
diameter, or the RPM.

o Wind, i.e., helicopter tail rotor slipstream, can erode
protective coating. Consider hard (-.rome plate, or redesign the
tail assembly to avoid direct impingement of slipstreanm.
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# La Que, F.L., Marine Corrogion, John Wiley and Song, New York, 197%
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Chapter IV
*Degigning Out® Corrogion in Tactical and
Combat Vehicles

R

4.1 Bagic Principles. Proper design of a vehicle body or structure can
break the cycle of corrogion in a number of ways. Avoiding design
. features which trap debris or moisture will eliminate the sustained
presence of electrolytes. One can reduce opportunities for corrozion
) 8ites to be activated by eliminating crevices where posgible, or
. gpecifying sealing materials where crevices are unavoidable. Properly
gized and located drain holes help reduce corrosion by allowing moisture
to drain away from metal surfaces in °"sump® areas, when such areas cannot
be avoided. Prevention of sustained electrolyte contact is aldo
accomplished via design features which prevent mud or other debris from
accumulating on metal surfaced. Deposits of mud or other debris are
undegirable because they tend to attract or retain moisture, causing
localized corrosion by setting up differential aeration cells. In
degigning tactical vehicle body structures, it is preferable to avoid
cloged sections for the following reasons:

1) Moigture almost invariable enters and promotes
internal corrosion.

2) It can be difficult to apply protective coatings on
the interior gurface.

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

For example, doors on commercial vehicleg are vulnerable to corrosion
because water can enter via the window glot and subsequently become
trapped. Water accumulation in a door can cause waterline corrogion of
the sheet metal panels. Algo, inadequate air circulation causes humidity
buildup, thus accelerating inside-out corrosion. A tactical vehicle’s-
door degign should aim at providing adequate drainage. The designer
should also provide access for primers and (ii necessary} suppiementary
corrogion-inhibiting agents.

When designing body structures, application of protective coating
should be congidered during the degign gtage. Properly sized and located
access holes allow electrodeposited primers (to be discussed later) to
reach all areas of metal where corrozion can gstart. Sharp corners on any
metal part are undegirable because organic coatings tend to be thin on
sharp convex (outsgide) corners. °Bridging’ of coatings can occur on sharp
concave (ingide) corners. Smooth, rounded contours allow coatings to form
a protective film of uniform thickness.

Joints involving sheet metal gshould be designed to minimize trapping
of dirt or moisture in crevices formed by overlapping surfaces. Lap
jointe on the underbody of a vehicle should, if vpogaible, b~ aligned go as
to 3} int the lap away from the direction of travel. On vertical sheet
metas gurfaced, lap welds should preferably be arranged so ag to point the
lap downward on exterior surfaces to allow drainage of rain and water
thrown by wheels. )
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External metal surfaces of tactical and combat vehicle are subject to
impact by stones, gravel, and other misgiles generated by tires or
tracks. These impacts can damage protective coatings, leaving underlying
metal vulnerable to corrogion. For this reason, metal gurfaces in the
path of debris thrown by tires or tracks should, if posazible, be arranged
do0 that stoned, gravel, and gimilar missiles will strike a glancing,
angled blow rather than a direct blow. Areas gubject to physical damage
can be treated with undercoatings which do not completely harden and hence
are “gelf-healing’. Another sgolution is to use plastic coating materials
guch ag PVC (or, flexible urethanes) to resist stone damage in vulnerable
areas,

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

I1f gtructurally permigsible, butt-type welds are preferable to lap
weldg in that there is no overlapping metal to form crevices.

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

Rusting of the interior gide of floor pang of M151 and MB80 vehicles
hag occurred due to trapped water. To avoid this problem, specify drain
plugs to enable maintenance personnel to drain accumulated water from
thegse areas. Thig idea is particularly applicable to open-body vehicles
guch as the M151., Cloged-body vehicles should be congtructed g0 as to
exclude water from the interior as much asg possgible.

The following sectiong will elaborate on various aspects of corrosion
engineering in tactical and combat vehicle degign.

4.2 Welding and Joining. Whether the design engineer chooses welding
or joining, care should be ltaken (o avoid crevice formation. Consider
Figure 15, 1In Fig. 15 (a), the crevice formed by the overlapping surfaces
collects liquids and debris. Figure 15 (b) shows a fillet weld at the
upward pointing lap, which eliminates the crevice there. However, the
downward-pointing iap remaing a pogsible corrogion site. Fig. i5 (e)
shows an overlapping joint where the faying surfaces are igsolated by
goldering, walding, or caulking all around.

Figure 15 {(d) ig an overlapping joint with a continuous weld on both
laps. Hera, corrosives are isolated from the joint. Thig configuration isg
preferred from the viewpoint of mechanical sgtrength.

Figure 15 (e) showz a combination of welding plug a protective
after-coating. Thig configuration is, of course, necessary because in
thig day and age, unprotected metal is not in the best interest of the
Army.

Figure 15 (f) shows a butt-type welded joint. If one can get by with
this from the structural gtandpoint, it offers the advantage of no
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Fig. 15. DESIGN CONFIGURATIONS FOR OVERLAPPING
SHEET METAL JOINTS (Refer to text)

creviceg. Good welding workmanship is necessary, for structural strength
and avoidance of crevices (see Figure 11). After welding, provide a
protective coating.

4,3 Integration of Metal Joining and Organic Finishing. Organic coatings
(to be covered in chapter 8) cannot be an afterthought, but must be
integrated into degign and manufacturing. When assembling two components
by bolting, they should be painted before asgembly. The flow chari in
Figure 16 illustrates the proper sequence of steps for agssembling (for
example) a bracket to a frame.

When joining componentg by welding, different rules apply. Coatings
in a weld zone interfere with the welding procesgg, 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
agsembly by welding.

# All ferroud metals should have some form of protection at all times.
Sheet metal and structural ghapesg ghould have a temporary coating, or
a pre-applied primer, go they won’'t rust while waiting to be used.
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Fig. 16. SEGUENCE OF STEPS FOR ASSEMBLY BY BOLTING
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A B

PREPARE WELD AREA i ‘PREPARE WELD AREA
(Remove previously (Remove previously
applied coatings, applied coatings,
clean.) clean.)

WELD
A to B

" [CLEAN WELD]

RE-APPLY PHOSPHATE,
PRIMER TO WELD
REGION

APPLY FINISH
COAT

Fig. 17. SEQUENCE OF STEPS I'OR ASSEMBLY BY WELDING
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Fig. 18b *

Fig. 18. COMBINED WELDING AND BOLTING
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With welded #tructured, do not apply the final coating until after the
welding i8 done. The reagon: Some coating materials, i.e., polyurethanes
(CARC) , may not apply too well over an existing, partially destroyed
coating. ‘

4.4 Combined Welding and Bolting. When a vehicle or trailer assembly isg
partly welded and partly bolted, manufacturing steps should be arranged so
ag to minimize disruption of protective coatings. In Figure 18 (a), parts
4,B,C, and D are all painted first. Then, A ig bolted to B, while C is
bolted to D. Finally, A-B is welded to C-D. In Figure 18 (b), parts
4,8,C, and D are firdt prepared for welding. A is welded to B, while C is
welded to D. Next, A-B and C-D are pretreated, primed, and

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

The approach illustrated in Figure 18 (b) is superior for the
following reagsons: In Figure 18 (a), an organic coating is applied to
A,B,C, and D only 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 hag two advantages:

Firgt, organic coatings are not exposed to welding heat. Second, faying
surfaces are coated before bolting, go uncoated metal is not exposed to
crevice corrogion,

In Figure 18 (a), one could coat the assembly after A-E is welded to
C-D. However, this would cause difficulties, because the urganic topcoat
may not be able to penetrate into the crevice formed by bolting A to B,
and C to D. Algo, if insulating gaskets, washers, or sealing compounds
are uged, they will interfere with organic coating processes.

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 primers is penetration into crevices formed by
riveting and gpot-welding., Thisg procegs, egpecially with modern,
high-build cathodic electrocoat materials, is highly recommended for
tactical vehicles in today's Army.

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

One rule must be regarded a# ironclad: Supplementary
corrogion-preventive agents (i.e., rustproofing greages or waxes),
caulkings, and gealing compounds, must not be aprlied prior to organic
coating.
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If a gtructure ig to be bonded with adhesives, arrange for priming and
topcoating after bonding.* Some adhesives cure when subjected to the gg)
temperatures necegzary for paint drying and curing. If sgo, be wary about
mishandling the assembly when the adhesive hasn't cured yet.

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

4,5 Structural Member Design. RKefer to Figure 19, In (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 (c¢), the concave side

faces downward, so that no sump area exists,*x« -

L Lot 77
L0

s
-
::zI[i: l} :] )
8 h

Fig. 19. STRUCTURAL MEMBER CROSS-SECTIONS i
(Refer to Text) ‘o
|

Figure 19 (d) is the best configuration., Here, the concave aide faces -

downward, ag in 19 {(¢). 1In addition, all corners and edges are rounded,
to prevent weak spots in protective coatings.

* When bonding aluminum panels in the HMMWV, the panels are
chemically treated with a conversgion coating before bonding. Steel
or zinc would probably be phcgphated before bonding.

*¥ Glue Bonds Auto Parts, Automotive News, June 8, 1987, page 14.

* K% Note that a drain hole ig shown. Thig ig 80 water will drain if
the trailer or other structure ig gtored or shipped upside down.
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Qﬁ@ Figure 19 (e) is algo acceptable. The angle (theta) allows moisture i
to drain. '

The configuration shown in Figure 19 (f) is acceptable, if the design
engineer gpecifies drain holes.* Note, algo, that the welds are at the
gided, rather than at the top and bottom. This iy to avoid expoging a
weld geam to moisture which might form a continuousg film on a horizontal
gurface, in spite of drain holes,

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

The gtructural detail ghown in Figure 20 (a) ig poor practice. Dirt,
galt, and moisture can enter via the opening shown. Once such debris gets
in, the entrapment area is difficult to clean. Figure 20 (b) or (c) is
more acceptable. Here, moigture that ge.s in, can drain out again.# The
ingide surfaces of closed sections should be protected by coatings, as
ghould the outside surfaces.

=

2

o

|e

Fig. 20. REDESIGN OF STRUCTURAL DETAIL TO ELIMINATE
ENTRAPMENT OF DEBRIS {see text)

Frame rail design. Figure 21 i{llustrateg {rame rails for 3 typical
tactical truck, the M939. These are straight rails, uging a C-section, as
in Figure 19 (e).

Figure 22 shows the frame raile used in the High Mobility Multipurpose
Whaeled Vehicle. These rails are closed, as in Figure 19 (f). This is
ncét good practice from a corrosion standpoint, because any moisture that
gets in, cannot easgily get out. There are no drain holes. The probable

¥ Locate drain holes in the lowest part of th» beam, to avoid
formation of sump areas., Beware, also, of shioment or storage
in an unusual pogition, i.e., upsgide-down or gideways.
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reason for thig ig that the beam is already structurally weakened by the
numeroug mounting holed. The inside of such a beam should be protected by
coatings.

In Figureg 21 and 22, there indeed are numerous holes for attaching
crogg-memberg and other componentds. Thede holes should be drilled before
applying protective coatings.

Fig. 21. M939 FRAME RAILS

Fig. 22. HMMWV FRAME RAILS

4.6 Migcellaneoug Features to Use or Avoid., Figure 23 illustrates
crogg-gectional formg which may occur in the design of bodies, frames, or
gugpengion components. The featureg shown in Figure 23 (a) and (b)
ghould, if poggible, be shunned. The gharp cornersg trap moigture and
debrig. The features shown in Figures 23 (c) and (d) are good--the
rounded surfaceg are less prone to guch effectsd,.

Another particular degign feature that deserves discusgion is
fagteners in thick steel sections. When a threaded fastener is uged to
join gomething to a thick section, uze the configuration shown in Figure
24, A corrogion-preventive gealant is injected into the hole after
drilling and tapping but before fastening. Excess gealant escapeg through
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@g@ caso, drill and tap the hole in the thick gection after applying
protective coatings.)
Figure 25 illuatrates how t0'avoid creating a difficult-to-protect
crevice corrogion site in some fastened configurations. In (a),
corrodents are diffioult to exclude from the inner surfaces. In (b), it

ig eagier to apply gaskets, or gealants to keep corrodentg out of the
joint,

| Ly LY

a b c d

a center hole in the fastener when the fastener iz tightened. (In this a

Fig. 23. REDESICN OF STRUCTURAL DETAILS TO ELIMINATE
SHARP EDGES AND CORNERS

FITTING OR
BRACKET

FASTENER

EXCESS SEALANT ESCAPES
///— VIA CENTRAL HOLE IN

///THICK SECTION

. A

N\

CORROSION PREVENTIVE

TAPPED HOLE SEALA

Fig. 24. DESIGN FOR CORROSION PREVENTION WHEN BOLTING
A BRACKEY TO A THICK SECTION

ENTRAPMENT GASKET, OR SEALANT
AREA [- HKETWEEN FAYING
- SURFACES

w

fig. a fig. b

Fig. 25. REDESIGN OF STRUCTURAL DETAIL TO El IMINATE CREVICE
CORROSION SITE
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Figure 26 illustrates gtructural degign of a vertical reinforcing
member. The left view (26a) is a closed-section reinforcing member with @§§
the bottom cloged off. This configuration traps moigture and is therefore
undegirable. Figure 26 (b) illustrates the same dezign, except for the
open bottom, Thig allows moisture to drain away, and therefore 26 (b) is
more degirable than 26 (a). Figure 26 (c), an H- or I- beam, is also
acceptable. Use a continuous weld to avoid crevices. .

S

il

BOTTOM BOTTCM

L

[

e
= .

g9

Fig. 26. PROPER DESIGN (b or c) OF REINFORCING BEAM (see text)

4,7 Sheet Matal Degign. Figure 27 illuatrates correct and incorrect
fender degigns. (A) allows moisture %o drain away irom the sheet metal.
{B) is less prefsrable, bscause ths sheli may hold mcisturs and debris.
The degsigner should avoid the configurations shown in 27 (c) and (d),
becaudge of the pronounced sump areas.

\ &

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

L e ]
»PREFERRED
* DIRECTION OF
> TRAVEL
EXTERIOR

2 I e 2

| —
[0 CUU AVOID

DIRECTION OF J
TRAVEL

EXTERIOR
SI1DE

-

Fig. 28. DIRECTION OF LAPS IN SHEET METAL JOINTS

Figure 29 illustrates prir~iples to follow regarding sealants between
riveted sheet metal surfaces. In Figure 29 (a), there is sufficient
gealing compound to exclude moisture from the crevice. In Fig. 29 (b),
there iz a shallow cravice becauge of insufficient gealant. In Figure 29
(c), the joint is an unmitigated crevice corrosgion site.
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Fig. 29. CORRECT AND INCORRECT USL OF SEALANTS IN
OVLRLAPPING JOINTS

Sealantg should be applied after phogphating, priming, painting and,
if pogsible, before riveting. 1If uging an electrophoretic primer, it can
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
gealant suitable for injection into the edges of the resultant overlapping
joint, However, it ig still preferable to precoat sheet metal parts
before riveting or other mechanical fastening. )

In Figure 30 in the left view, the edge of a fender ig arranged so ag
to ghield the edge of a gsheet metal joint from tire-thrown spray. 1In the
right view, water can be thrown intc 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 iso.ates the
diggimilar metals, and that a steel rivet is used to minimize the
cathode/anode areas ratio. The right side illustrates the wrong
configuration--an aluminum rivet and no gealer between the aluminum and
gteel gsurfaces,

Figure 32 illugtrates “open’ and "closed’ design configurations. 1In
the cloged degign, ingide-out corrosion ig likely due to entrapped
moisture and humidity buildup.

The HMMWV doors are based on the “open” configuration. The door latch
and window mechanisms are expoged on the indide, for ea<y maintenance.

Use of a gingle sheet metal panel, instead of inner and outer panels,

Anliminabann o nada ommnrrt ma Al A ad

eliminates 2 notoricusz crevice corrcszion site at ths inside bottom whers
the inner and outer panels meet. There is no sump area, so water cannot be
trapped.

Closed structural configurations. A variety of U.S, tactical
vehicles, including the M939 family, the 10-ton HEMMT, and the Commercial
Utility Carg~ Vehicle (CUCV), use closed structural configurations for
their doors “igure 33 illugtrates the SAE recommended practice for door
degign for c.~ w~cial vehicles, The designer should provide drain holes,
adequately sizeu along the bottom so as to prevent moisture from
accurulating in the door assembly. Inner surfaces should slope toward
drain holes. The door assembly should be given a good protective coating

4 4
7N /N

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

WELD OR
CAULK
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STEEL FLOOR PLATE
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* SMALL STEEL MIYET SURFACE AREA)

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

PREFERRED
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Fig. 32. OPEN AND CLOSED DCOR DESIGNS

PREFERRED AVOID

DOOR OUTER PANEL
:
DOOR INNER PANEL

DOOR QUTER PANEL
— e —

DOOR INNER PANEL

Fig. 33. SAE - RECOMMENDED CLOSED - SECTION DOOR
DESIGN
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treatment inside and out. Modern cathodic E-coat primers are Lighly
raecommended. If the design engineer iz not at liberty to specify
elaectrophoretic priming, supplemental corrogion protection may be had in
the form of ‘rustproofing” greagses or waxes. These substances penetrate
into geams and crevicog, excluding moisture.

Another common corrosion gite in commercial vehicles is front fenders
and the rear quarter panel agsembly. Inner and outer sheet metal panels
should be designed for adequale drainage and coating material access.
Drain holes ghould be provided at the lowest points of all sump areas.
Horizontal seams formed by inner and outer panels should slope downward
toward the drain openings to allow adequate drainaga. Here too,
application of E-coat primer is likewise very helpful. Supplementary
rustproofing agents are helpful in this area, especially in vehicles not
originally designed to resist corrosion.

Mud thrown by tireg can form depositg on sheet metal, resulting in
poultice corrogion. Accordingly, wheeled vehicles should have aprong or
gplagh ghields to prevent mud, gtones, debrisg, and water from being thrown
into gengitive areas. :

Rocker Panels. Thig is the structuré under the door of a2 vehicle,

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

Hoodg, rear hatches. Like any gheet metal structure, they are
corrogion-prone if a sump ig created by inner and outer panrels joined so
ag to create a horizontal seam. They ghould therefore be designed with
properly located holes for drainage and access by electrocoat primers.

See Figures 34% and 35. Hoods should have drain holeg on the lowest point
forward of the radiator, so asg not to drip water on engine components.

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

%#  Bryant, Arthur W., Degigning Body Panelg for Corrogion Prevention
SAE paper 780816, in SAE Special Publication P-78,
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Fig. 35 DECK LID DESIGN as recommended by
Arthur W. Bryant in SAE Paper 780916,

Designing Body Panels for Covrrosion
Prevention.

Miscellaneous. The dozign features shown in Flgures 36a and 36b
ghould be used with caution and avoided, respectively. 1In Figure 36a, the
capvion “avoid horizontal ledge’ means judi bthat. Such areas trap dird
and debrig, The configuration ghown in Figure 36b is best avoided
altogether. If something like Figure 36b has to be used, the sump area

should be provided with drain holeg, and adequately protected with
coatingsd.

PREFEARED

AYOID
HORIZONTAL
LEDGE

Fig. 36a. and 36b. CORRECT & INCORRECT STRUCTURAL
DESIGN
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Stoneg, gravel, and other gmall missiles are a problem for vehicle @§D
degigners, eapecially off-road vehicles., Figure 37 illustrates the
principle of minimizing projected frontal area so asg to minimize
stone/gravel damage to paint finishes on sheet metal.

SOLID PARTICLE
IMPACT AREA

\ -

Pt ——

§ PR,

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

The cenfiguravion shown in Figure 38 is a posgible gite for corrosion
initiation. Any joining of sheet metal where there are overlapping
(faying) surfacez is a potential cravice corrosion gite. In addition,

paint coatings may "bridge’ the gap between the metal panels, resulting in
a gite with iittle protection.

POSSIBLE SITE FOR
PAINT BRiIDGING

| )

£2n

Fig. 38. [INCORRECT SHEET METAL
JOINT DESIGN

Figure 39 illustrateg what to avoid when degigning exterior sheet
metal gsurfaces. Areas A,C,G, and H are :susceptibla to stone pecking.
Areas B,F, and I are sharp edges, which can be difficult to protect with
paint cdatings. D ig accephtable, if not too sharp. Area E, a sharp
corner (aldo, ¥) is liable to be "bridged’ by paints.

A ~
AL

= = == o= GROUND LEVEL = o= — —

Fig. 39. SHEET METAL DESIGN DETAILS TO
AVOID
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4.8 Corrogion-Preventive Degign Congiderationg for Armored Vehicles.
hremored combat vehicles, which may be propelled by rubber tires or
tracklaying systems, are characterized by armor hulls, and gsometimes also
turrets. The hull serves two purposes: 1) protection from enemy K
ballistic, migsile, and chemical threatg 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 corrosgion

engineer:

1) The corrogion engineer must see to it that drain cocks are located
in the lowest portions of the hull, so the operator can drain
accumulated moisture as part of daily checks and services.

2) The designer must locate equipment so it is clear of the bottom of
the hull,

3) The ingide, as well as the outsgide, of the hull must have an
adequate protective coating system. The interior of the vehicle
should be degigned so that during overhauls, all areag of the
ingide surfaces (of both hull and turret) are accegsible for
ingpection and maintenance of protective coatings.

4) The cloged environment ingide an armored vehicle becomes a
humidity chamber when water gets in. Equipment in an armored
vehicle mugt have adequate atmogpheric corrosion protection.

5) Both tracklaying and rubber tire-based propulsgion systems are
efficient mud slingers. _he underaide of the hull must be
designed so it is as gimple and smooth as pogsible. Everything
should be thoroughly “armcred” against corrosion, with a good
paint scheme. Thig includes components such ars road wheel
gugpengion armg.* Use rubber boots to protect components such as
universal jointg, and use geals to keep water and mud out of
denditive areadg.

Where soldiers use high-pressure water hoses to clean armored
vehicles, guch areas must be designed to withatand thig treatment.

During war or exercises in preparation for same, chemical
decontaminating agents will be used to clean vehicles and equipment.
Thede agents are known to degrade materials used in boots and seals.
Answers to thig problem do not come easily. The degigner must sgeek, to
the begt of hig ability and the extent of existing technology, to uge
coatings and elastomers resistant to agents and counter-agents used in
chemical warfare.

4,9 Special Congiderations--Fuel and Other Liquid Handling Systems.
Figure 40 illustrates the right and wrong ways to design tanks or other
liquid regservoiras. Complete drainage (which occurs with the configuration

* Congider hot-dip galvanizing for such items, topped off with a good
paint sgcheme,
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shown on the left) is necessary to prevent water or sediment from becoming
trapped, which may be the case with the configuration shown on the right.
Because water is a common fuel contaminant and because water settles to
the bottom of fuel reservoirs, the coafiguration on the right is the wrong
way to design a fuel tank,

RESERVOIR DRAIN
TRAPYED WATER
WELD & —
oRess > d:
PREFERRED AVOID

Fig. 40. FUEL TANK DESIGN

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

LIQUID PASSAGES

{ ]
14 1
U
é&:ﬂ::: ,u——u—l—u
! ENTRAPMENT o
“ f AREA -’
e,
: Fm f
N d
PREFERRED AVOID
Fig. 41. LIQUID HANDLING FLOW PATH

DESIGN

Impingement, or erogion~corrosion may occur in fluid handling systems
where high flow velocity encounters sharp bends. Keep flow velocity down
by gpecifying adequate diameters for tubing, and avoid sharp bends by
gpacifying adequate radiug for changes in flow direction. !

Figure 42 illustrates proper design of a fuel tank to maximize
corrogion protection. In the lefthand viewd, the design configurations do
not require golders, which contain fiuxes that could be corrosive. The
bottom righthand view illustrates a design mistake--a crevice area, where
depogits of dediment or entrapped moisture can get up a corrosion cell. "

Compresged air systems must have drain cocks at the lowest points of
any dump areas. Be aware, however, that soldierd under gtregs may not
have time to perform all the necessary maintenance procedures. Some
components in compregded air or other fluid handling gystems ars
candidates for inherently corrosion-registing materialg, i.e., inhibited
bragges, stainless sgteels,

2 o’ 2
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Fig. 42. FUEL TANK DESIGN

4.10 Special Considerations for Electrical and Electronic Equipment.
Corrogion ig a major cause of failure in electrical and electronic
components in military weapon systems. According to the United States Air
Force Materials Laboratory Electronic Failure Analygis Group at cvhe Wright
Aeronautical Laboratory, 20 percent of electronic compcnent failureg are
corrogion related.* Corrogion of avionics gystems is of special concern
to the Navy, which operates aircraft in salt-iaden atmosgpheres.

Degigning electronic modules or °"black boxeg® to reduce corrosion
problems involves some of the same principles one would apply in designing
other parts of a combat or tactical vehicle--or any piece of equipment.

The first gtep ig to assume that unlesgs a black box is hermetically
gealed, moigture will invariably get inside. Once ingide, moisture will
invariably be pregent on uncoated metal surfaces, will pool in any sump
area, ig likely to be present a% any bimetallic couple, and can propagate
via wire bundles, or waveguides.

The degsigner must therefore reduce opportunities for moisture to
corrode electrical and electronic components by eliminating sump areas
where poggible, or by providing drain holeg. Printed circuit boards
(PCB'#) should be pogsitioned vertically, never horizontally, so that
moisture will run off the surface. PCB electrical connectors should be on
a vertical edge of the board, never on the bottom edge. Printed circuit
boards should have a clear conformal coating such as paraxylene.

Like any other system, an electronic asdgembly ig vulnerable to
galvanic corrogion whenever dissimilar metals are in contact. Use similar
metals (i,e., ag cloge together in the galvanic Zeries as posgible) for

#  Dobbs, B., G. Slenski, F.H, Meyer, Jr., Investigation of Corrosgion
Related Failured in Air Force Electronic Sy3tems Failure Analvsis
Investigationsd. Paper presented at 1883 Tri-Service Corrosion
Conference.
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mating parte of electrical connectors, This ig an important precaution,
because the purpose of a connector is to conduct electricity, hence one Qg@
cannot use electrical insulation between anode and cathode.

The degigner should not only avoid highly dissimilar metals in
contact,*» but algo avoid graphite contact with structural metals. Avoid
graphite-containing lubricants, and be wary of joining an aluminum housing
to graphite-reinforced composite structured.

Many corrosion failures involving electrical/electronic moduleg are
caused by moigture intrusion. If total hermetic gealing is not possible,
uge geald, O-rings, and gaskets on access doord and penetrations (i.e.,
control shaftdg) into the enclogure. The Navy recommends "shoe-box type’ -
lidg on the top of electronic modules for maintenance access., Otherwise,
place access doord on the side 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,
ghould be gealed with a suitable sealant guch as non-acetic silicone RTV
(more on this topic below). Usge polysulfide sealants around the edges of
gcrews on horizontal surfaces to prevent moisture from infiltrating the
crevice.

A problem with cloged boxes is accumulation of corrosgive vapors.
Polyvinyl chloride has been known to decompose, and the decomposgition
products include hydrogen chloride (hydrochloric acid when dissgolved in
water). Accordingly, the desgign engineer should avoid PVC insulation. Use
non-PVC insulated wire meeting the requirements of MIL-STD-1568.

Corrosive vaporsg algo arise from some RTV (room temperature
vulcanizing) gilicone sealing compounds. The type of RTV compound to
avoid is that which containg acetic acid. Avoid using any silicone RTV
compound with a vinegar-like odor.

{3

Oil-containing paints, whether oleo-reginous or alkyd, give off
corrogive vapors while drying. Avoid using suchk paintg for the inside
surfaces of electronic equipment houdings,¥** unless thoroughly vented for
at lesast two weeks after application of the paint. For electronics boxes
not exposed to direct gunlight, epoxy primers and topcoats are
satigfactory. Polyurethane (i.e., MIL-C-83286, MIL-C-46168) is a very
gatigfactory topcoat material, For best corrosion protection, drill all
necesggary holeg, then pretreat, prime, and topcoat before installing
anything in the box.

Specify gaskets made from non-hygrogcopic materialg, gelected for
regigtance %o heat, ozone, lubricants, hydraulic fluidg, and moisture.
The material ghould be of such a nature that when it doesg degrade, it will
not form corrogive vapord,

* MICOM policy is to avoid galvanic couples over 100 mV potential
difference (Cobb, B.J., New Systems with CPC Flavor, pregented at
ADPA Corrosion Conference held on 29-30 April 1986.

#%¥  Or, for that*matbter, any cloged container uged for shipment and
gtorage of cobrosion-prone items.
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While the degigner should take precautions to prevent moisture
intrugion, they are not a substitute for adequate drainage. Electronic )
equipment housingdg should have drain holes to allow moisture to get out.

Arrange internal components g0 asg to eliminate sump areas. Drain holes g
ghould be located at the lowest part of the box, and should be large

enough to allow moisture and debrig to drain freely. Incidently, the

ingide edge of the hole should be protected by the same coatings as other

metal surfaces of the housing. The drain holes should he part of the

housing design.

Desgicants gshould be uged with caution. They may worsen corrosion .
problemg by abgorbing moisture at night when temperatures are low. As the
gun rises and the inside of a vehicle heats up (particularly during
operations), the desggicant may then give off moisture and turn an
enclosure into a humidity chamber. Complex breathing apparatus are not
guitable for tanks, personnel carrierd, and go forth, but may be suitable
for mobile communicat.ong postg or missile support trailers.

Some items of equipment use conductive or "EMI° (electromagnetic g
interference) gaskets on maintenance access doors, to prevent the pagsage
of unwanted electromagnetic radiation into or out of an electronic
gygtem. 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 golution is to apply
water digplacing corrosion preventive compound, MIL-C-81309 Type III, to
the gagket before cloging the door. \

The same type of water displacing compound should be applied to the
ping on the male portion of an electrical connector, before insertion into
the socket. If the ping fit snugly into the socket, asg they should, the
coating will be wiped off the mating metal g ‘faces for good
conductivity. The water displacing compound w#ill, however, seal the
mating surfaces againgt moisture intrusion.

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

Gold plating on electrical contacts and connectorg has advantages. It
regists atmogpheric corrosion and conducts electricity well, Use gold
plating with caution: Gold ghould not be plated directly over copper.
Plate copper with nickel firgt, then plate the nickel with gold.

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

Cableg should, if posgible, lead upward toward a connector plugging
into a module. Thig practice prevents moisture from draining into the
connector, IV ig also good practice to provide for drainage at the low
points of a cable, to prevent moisture from wicking into equipment. The
degigner should avoid tensile or side loadings on electrical connectors.

In armored vehicleg, “black boxes®, cables, and connectors should be
located high enough above sump areas to avoid exposure to gtanding water.
This is important because drain cocks must be clogsed during swimming or
fording operations. 1If water builds up in the bilge, one does not want
valuable electronic equipment to be exposed to it.

An abbreviated gummary of do’'s and don’ts, taken from NAVMAT P-4855-2
(Degign Guidelines for Prevention and Control of Avionic forrosion), isg
ligted here for the convenience of the reader:

pm o
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Design on the agsumption that moisture will be present eg%

Seal all didsimilar metal couples

Uge conformal coatings (preferably, paraxylene) on
r>inted circuit boards.

Ude adequate protective ccating systems on aluminum
and magnasiunm.

Use a nickel sublayer under gold plating.

Use solder with the lowest poggible acid content.

Use metals in low residual stress condition, and
with high corrosion resistance heat treatment.

Uge .fluorocarbon, or fluorosilicone materials for
gaskets, O-rings, and seals.

Seal conductive (EMI) gaskets against moisture
infiltration.

Locate drain holes at the lowest pointg of sump areas

Mount parts and assemblies o they are clear of
gtanding water levels, )

Use hermetically sealed components where possible

Use sealants to prevent moisture/fluid intrugion

Uge ‘ghoebox’-type lidg, if the top of a black box must
be accesgible 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, uge a filter and dessicant
arrangement to remove moisture and particulates. o

Use "0 rings to seal shafts that penetrate an ‘e
enclogure.

Use diggimilar metals in contact, if it can be avoided

Use an RTV sealant that employs acetic acid ag a curing
agent.

Place graphite (in lubricants or in fiber-reinforced
compogites) in contact with structural metals.

Plate gold directly over gilver or copper

Plate gilver over copper

Use organic materials that support fungi, emit corrosive
vaporg, abgorb moisture, or are degraded by fluids
encountered in the operatiang environment.

Use rubber sugceptible to ozone

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

Usge direct air cooling on electronic components.

Permit undrained sump areas.

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

Figure 44 gshows how an electrical connector can be designed to
minimize infiltration of corrosives iiito the metal-to-metal contact
areas. Because electrical conductivity is the connector's purpose, the
designer cannot protect the metal with non-conductive coatings.

RUBBER BOOT AT REAR OF SOCKET

[

APPLY MASTIC SEALER

SEALING ON LAMPS TO PREVENT CORROSION

Fig. 43. HEADLIGHT DESIGN

ELECTRICAL CONNECTOR
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Chapter 5
Protective Coatings--Bagics

In tactical and combat vehicle design, the operating environment
cannot be changed. The vehicle has to be designed for its environment,
not vice-versa. Also, it ig frequently not economical to utilize
materials whose inharent corrogion regigtance is adequate, as thege
materials may be too costly. Corrosion can be reduced by applying good
design principles. However, to achieve maximum life and minimum
corrogion-related maintenance costs during the expected lifetime, the
design engineer has to know how to specify corrosion-protective coatings
and treatments.

Coatings and treatmentd for metais can be grouped into three
categories:

1) Metallic, (see Chapter 6) i.e., one metal or alloy applied to the
surface of another metal. Metal coatings can be applied by
electrolytic deposition (electroplating), immersgion in a bath of
molten metal, metallic bonding (cladding), chemical depogition, or
vapor depogition. Zinc on steel (galvanizing) is the most
important example of metallic coatings for design engineers
dealing with motor vehicle body corrosion. Chromium, nickel,
verne (lead-tin alloy) and cadmium are commonly plated onto steel
for protection against wear or corrosion. Metallic coatings are
also used for decorative purposes.

2) Conversion coatings. Procegses such ag anodizing (electrolytic
oxidation), chromate treatments, and phosphate treatments fall
into this category. Conversgion coatings are actually controlled
corrogion in that the metal reacts with process chemicalg to form
a layer on the surface. Phogphate coatings are often applied to
metal surfaces to improve the acdhesion of subsequently applied
organic coatings.

2) Organic coatingg. This classification applieg to all paints,
lacquers, enameld, varnishag, primersg, plus temporary and semi-
permanent corrogion-inhibiting greases, waxes, and cilsg.
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Chapter 6
Protective Coatings--Metallic

6.1 @eneral

6.1.1 Electroplating, Electroplating of steel with nickel, chromium, or
combined layers of these metals i# used for decorative purposes, and for
protection againgt wear or corrosion. Nickel and chromium are not good
choices for protecting structural steel or sheet metalwork, because 1)
These metals are costly and 2) they do not offer protection at pores and
discontinuities. (Zinc coatings do offer this protection.)
Nickel/chromium electroplating offers an attractive finish as well as
corrogion protection for automotive bumpers, door handles, and trim items,

Fasteners are plated with tin, zinc, or cadmium to reduce their own
corrogion, and to reduce galvanic corrosion of other metald, notably
aluminum and magnesium alloys. One problem that arises when high-strength
gteel parte are electroplated ig hydrogen-induced embrittlement. Because
of this phenomenon, non-electrolytic means of plating are advantageous.
Such methodg include “peen® plating, electroplating of aluminum onto
another metal uging non-aqueous solutions, and ccatings such as
SermaGuard.*

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

6.1.2 Cladding (also known ag roll-bonding). Storage tanks and pressure
vesgels in many cases have to be congstructed with heavy steel sectiong to
provide the necessary strergth. Also, when handling various chemicals,
the gtructural material may need to redgigt corrosion both to maintain
gtructural integrity and to avoid contaminating the chemicals with
corrogion product. Fabricating a thick-walled vessel out of a
corrogion-resigsting alloy such ag type 316 stainless steel may be
possibie, bub such a practice would be wastelul when corrosion v
ig needed only at the inner surface.

A corrogion-registing but costly metal or alloy can be clad by
roll-bonding (or explogive bonding) onto a ‘ess expensive substrate alloy.
The latter provides the required structural strength while the former
provides the necessary degree of corrogion registance in the operating
environment,

One automotive application of cladding ig aluminum alloy 5052 clad
with AISI type 301 stainless steel, uged for the bumpars on fire-fighting
vehicled manufactured by American LaFrance. The S.5.-clad aluminum alloy
bumper ig just ag attractive, costa 20% leds, and weighsg 48% less than the
§.8. bumper it replaces.

[
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* Trademark of SermaTech International, Inc.

56




it R e S S T S S S s T o e I M o B s I I I OO AR R Y,

A common application of cladding is unalloyed or gelected low-alle @g}
aluminum on high-strength aluminum alloys. High-strength Al alloys dc¢ ...
regigt corrosion as well ag unalloyed aluminum, hence the former are
offered in gheet, tube, or wire form ags “Alclad”, i.e., clad with a
corrosion-protective aluminum layer, E

6.1.3 Hot-dip coatings. Aluminuum and zinc coatingg can be applied to
gteel substrates by dipping an article in molten aluminum or zine. Sheet
gsteel in coil form is 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 gteel to protect
the latter from atmospheric corrosion, attack by salt dpray, and
high-temperature oxidation that are the bane of steels used in exhaust
gystems. Hot dip aluminizing can protect automotive frame members from g

corrosion.

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

Congider the problem of fasteners arnd smill componentg. They may not
be amenable to hot dipping because of difficulties in ob%taining uniform
coating thickness, partd sticking together, or interference with threads. £
Electroplating can cauge hydrogen embrittlement of high~strength steels.
Procegses such as mechanical plating, vacuum evaporation, and cathode
sputtering therefore offer valuable alternatives to the desgign engineer.

Mechanical or °peen’ plating ig a processg 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 againgt the substrate, forming a bond., Zine, tin,
cadmium, or combinationg thereof, can be applied to small parts by this
process,

Vacuum evaporation aad catvhode gputtering are ugeful for applying thin
layverd of a coatir” maverial, such as aluminum or gold, to an item in a .
vacuum or low-pre-sure chamber. Thege techniques are ugeful for small
items gsuch as elentrical/electronic components.

Lager gurface alloying may find applications in military vehicle
systems design. This technique uses a lager beam to heat the surface of a
metal aubstrate, along with powders of the cladding metals. The powders
are melted into the surface go ag to form an alloyed gurface layer.

Metal spraying ie2 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#). Upon impact,
the molten particles coalesce, golidify, and form the coating layer. The

:
:
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¥ From 1983 Tri Service Corrosgsion Conference (Shaw, Barbara, and Richard
Parks, Thermal Spray Aluminum for Corrogion Control. @gp
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cvating metal may be fed into the gpraying apparatus as powder, wire, or

rod, but if the coating metal can be drawn into wire, that would be the
most convenient form to use.

HOW THERMAL SPRAY COATINGS ARE FORMED

FEEOSTOCK HEAT SOURCE MOLTEN SU LTRATE COATING
ISOLID OR IELECTRIC DA PARTICLE IMPACT
POWDER) GAS) ACCELERATION

S .
‘ » » <D »
r 3 . l

Fig. 45. SCHEMATIC REPRESENTATION OF THERMAL SPRAY COATING PROCESS

A typical wire spraying apparatus recembles a large pistol (des Figure
46%) and containg a spool for the feed wire, and provisions for

continuously feeding the wire into a hot zone created by oxygen-fuel gas
combustion. A compressed air sgource is then required for subsequent
atomization and spraying of the molten feed metal. (see Figure 47#).

Wire gprayed aluminum (WSA) is used to protect corrogion-prone parts
and equipment on U.S. Navy shipg.#%¥ Aluminum, zinc, or combinationsg
thereof, applied by wire-spraying, may be a good coating technique for
combat vehicles. The atmogsphere inside an armored vehicle hull tends to
be corrosive because of humidity buildup. Hulls, turrets, and various
itemg within the armor envelope are good candidates for protection by
metal dpraying.

One can apply virtually any coating material, even high-melting-point
ceramicsg, by plasma spraying. The coating material igs 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 suriace Lo be coaled, ag with metal spraying.

6.2 2Zinc, Galvanizing, and Precoated Steel--The Leading Edge in the War 3
on Automotive Corrogion. :

SOOI

* Burng, R.M. and W.W. Bradley, Protective Coatings for Metalg, 3rd
ed., Reinhold Publishing Cc., New York, 1967.
ot National Materials Advigsory Board, Metallizad Coatings for Corrogion

Control of Naval Bhip Structures and Components. National Academy !
Pregs, Washington, D.C., 1983, E
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6.2.1

protecting ferrous metals against corrosion in a variety of vehicular and

Advantages of Zinc Coatings.

A TYPICAL WIRE-SPRAY
METALLIZING GUN

. 46.

PRI

H%

Fig. 47. CROSS-SECTIONAL VIEW OF WIRE SPRAYING

APPARATUS

Zine is the most common metal for

stationary applications. The reagong for the widespread usge of zinc
include but are not necessarily limited to the following:

1)
2)

3)

Zinc, unlike nickel or chromium, is not a gcarce or expensgive
metal,
Zine ig reasgonably regigtant to corrogion in many environments,

due to the adherent and ingoluble nature of itd corrosgion products

in aqueous media.

Zinc tends %o be anodic to ferrous metals. If digcontinuities
ocecur in a zinc coating, an electrochemical cell forms, with the
steel substrate acting ag the cathode. The zinc then corrodes
gacrificially, offering protection to ferrous metals exposed by
the digcontinuity.
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® 4) The melting point of zinc is high enough to rendsr it suitable as
eéa a coating material for a number of applications, yet low enough
for it to be applied by hot dipping.

5) Zinc coatings can be applied by hot dipping, electrolytic
depogition (electrogalvanizing), metal spraying, or in the form of
fine particles sugpended in a film-forming carrier (zinc-rich
primer).

6) While zinc fumes are hazardous and while it is not advisable to
ingest comoounds of the metal, zinc is not a terribly toxic
gubgtance. It is, in fact, a necesgary mineral in our bodies

¢ (but not in excessive quantitiesg!). Zinc is far less dangerous
than cadmium, which ig aldo uged as a protective coating on
' ferrous metals.

6.2.2 Galvanized gteel sheets. The most common anticorrosion
application of zinc in automotive engineering ig the familiar
"galvanizing" applied to sheet steel prior to shipment to gtamping plants,
where it is formed into body panels. Engineers designing military vehicle
systems have a variety of commercially available zinc-coated sheet gteels
to chooge from. Thede products include:

o Hot-dip galvarized steel, with the zinc coating applied to one or
both gides,

0 Steel gtrip with electrodepogited zinc applied to one gide only, or
with a heavy zinc coating on cne gide and a thin coating on the

other gide,
(EE o Steels with a zinc-iron alloy layer.

o P

)

e

w..
G0

Mg

In addition to steel strip with metallic zinc coatings, a major product
innovation is a precoating system marketed under the Zincrometal trade
name. Thidg process coats steel strip with a zinc-baged primer system.
However, Zincrometal is being replaced by better corrogion regigtant
coatings, duch as two-side galvanizing combined with cathodic
electrodepogited primers.

Galvanized steel can be obtained with various coating weights and with
a variety of bage materials., If formability is not required, the desiguer
may gpecify commercial quality (CQ) 2teel. For applications where forming
qualities are important, drawing quality (DQ), drawing quality-special
killed (DQSK), and DQSK steelg with low carbon contents, or with carbon
gtabilizers (niobium, titanium) are available. The latest gteelmaking
technology, combined with proper metallurgy and heat treatment, makes it
posgible to produce deep drawing quality-gpecial killed (DDQSK) galvanized
gteeld to meet the demands of difficult forming operations.

A% one time, galvanized sheet gteel wag specified according to the
ASTM A525 coating weight designation system, where G90 (the typical
commercial coating weight), for example, meant a total of 0.90 ounces of
zinc per square foot, both sides combined (0.45 ounces of zinc per gquare
foot on each gide). Products with zinc-iron alloy surface coating were
degignated by A rather than G, thug A60 is zinc-i~on alloy coated gheet
with 0.60 ounces per square foot, both gides combined.

o
o
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Presently, galvanized sheet steel productg are gpecified with metric
units. A degignation of 130/130 meang 130 grams of zinc per square meter
of gurface on each gide, while 100/25 ig a differentially coated product
with 100 grams of zinc per square meter on one side and 25 gm/sq meter on
the other side.

6.2.3 Painting, forming, and welding galvanized gsteels. Galvanized
gteels were uged in the 1960's for rocker panels of motor vehicles, which
were prone to severe corrosion due to increased uge of road sgalt during
the 1050's. As utilization of galvanized steel increased, manufacturers
encountered the following problems:

1} Zinc coatings applied by hot-dipping do not lend themselves
to attractive paint finishes. The °spangle” agsgociated with
galvanized surfaces tends to be vigible through paint coatings.
In addition, paint coatings do not adhere well to galvanized
surfaces unlegs gpecial precautions are taken.

2) Electrical resistance (spot) welding is widely used to join
sheet metal surfaces in asgembling aubomotive bodies. Thig is 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 electrodeg press
against the metal causes localized melting and coalescence between
the adjoining metal durfaces. This process works well with
uncoated steels, but galvanized steels introduce difficulties.
The presence of zinc on the gides opposite the faying surfaces
cauges contamination of spot welding electrodes., These
electrodes are made from copper, which alloyg with zinc tc form a
bragg. Thig alloy hag a higher electrical registance than copper,
hence the electrode face temperature increases. Electrode tip
life ig therefore gshortened.
In addition to electrode contamination, another problem arises
due to zinc on the faying surfaces. The zinc coating lowers
contact resistance; and furthermore forms a ring of molten zinc
around the weld which shunts current away from the weld region.
Hence increased amperage is required to generate %he required
heat.
Due to the aforementioned difficulties, it ig necessgary to usge
increaged amperage, higher contact presgure, and longer weld time
when spot-welding galvanized steel. The electrode tips will have
to be “dressed’ more frequently. When spot-welding bare steel,
electrode tips require dresgsing after approximately 10,000
welds. When gpot-welding galvanized steel, the elecirodes will
have to be dresged after 2000 to 2500 welds.

3) When sheet steel is run through molten zinc, the high temperature
(approximately 900F or 482C) affects the propertieg of the
gubgtrate. Accordingly, galvanized steelg have tended %o be less
formable than ungalvanized cold-rolled steelsd.
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6.2.4 Solutiong to Galvanized Steel Problems. Automobile manufacturers

have adopted various strategies to get around these problemg. Thege
include:

1) One-side galvanizing. Steel galvanized on one gide has been used
for external body pnanels. The galvanized surface faces inward and offers
resigtance tc “ingide out® corrosion. Asgembly plantg can paint the outer
gurface with the usual organic coating gystems. A significant
digadvantage of one-side galvanized gteel is the possibility 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 sides. This
ig accomplished by annealing a conventional galvanized steel, causing the
zinc to diffuse into, and alloy with, the steel substrate. 2Zn-Fe coated
gsteel can algo be produced by wiping the free zinc off a regular
galvanized steel ag it emerges from the galvanizing bath.#

Steels lightly coated with zinc-iron layers are amenable to attractive
paint finishes. However, there ig a sacrifice in corrosion registance.
One automotive manufacturer hag made extensive use of "1 1/2 sgide’
galvanized steel, whereby one side is coated with free zinc, while the
other side hag a light Zn-Fe alloy layer. The galvanized side faces
inward for ingide-out corrogion protection, while the Zn-Fe coated surface
ig painted. 'The Zn-Fe layer protects against cosmetic corrosion if the
paint is damaged.

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

Generally, s'actrogalvanized steeld have thinner zinc layers than hot !
dip galvanized steel. A typical hot dip galvanized steel, GO0, has 275
gramg of zinc per square meter (137 grams on each gide), while a typical
Automotive industry gpecification for electrogalvanized steel ig 70 grams
per square meter on one gide, and 90 gm. per gq. m. on the other sgide.
Lighter coatingsg have been specified for dome applications.

Electrogalvanizing is a vergatile process. Not only can coating
weight on each side be tailored for a given application, but also, the
process can apply alloy layers such ag zinc-iron or zinec-nickel. One
Japanese gteel manufacturer has developed an electroplated sheet steel
product with a lower layer of zinc-10% nickel and an outer layer of
zinc-80% iron,

4) Improvementg in hot-dip galvanizing. Steel manufacturers have
developed innovative variations of traditional hot dip galvanizing. One
manufacturer has developed a procegs whereby steel strip is run through

*  All hot-dipped galvanized steels have a Zn-Fe alloy layer, topped off
by a free zinc layer. :
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molten zine in a surrounding environment of pure nitrogen.* As the gteel Qg?
emerges from the bath, nitrogen jets accurately regulate coating weight
(see Figure 48%). By excluding oxygen and using these nitrogen jets, one i
obtains a gmooth coating, free of dross and ripples. Both one- and two- by
gide galvanized products can be made by this process. '

= §i 3] Steam
;?Mht
$ e .
Jet Finishing -

e Ty

T 00

U

Nozzles
»
n ! . b Oxygen
2 Cooling Free
Diract Radiant Tube Furnace Furnace ) Atmosphers
Fired
Furnace Xt $
. A . | -Molten
— Zine
S Balh""

A

Fig. 48. PROCESS FOR APPLYING SMOOTH ZINC COATING ON SHEET STEEL

Procegses have been devised for minimizing or eliminating the
"gpangle’ one normally sees on galvanized gteels. For example, there is
the Heurtey process, whereby zinc dust is blown onto a freghly galvanized }
surface, just before it solidifies. Another way to reduce gpangles is to P
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 riduce
formability problems, !

6.2.5 Field Tests of Galvanized vs Non-Galvanized Steels. According to

teats performed by Dofagco, Inc., in 1981,%* heavy hot-dip zinc coatings

provide guperior corrosion protection vig-a-vig lighter, electrodepogited

zinc alloy coatings. Thege tests were conducted with specimens of

cold-rolled steel, steels coated by hot-dipping with zinc, zinc~aluminum, -
and zinc-iron (galvannealed), and specimens electroplated with zinc and

zinc-nickel alloys. Some gpecimeng were expoged with no coating except

the aforementioned metallic layers, while others combined the zinc-based .
layers wirth phosphating and ELPO (cathodic electrophoretic) primer

protection. All gpecimens were mounted on the undersgide of commercial

* Obrzut, J.J., New Galvanized Product Asgumeg Dual Roleg, in Iron
Age, 6 April 1981, page T71.

¥  Neville, R.J. and K.M. De Sauza, Undervehicle Tegting of Zinc and
Zinc Alloy Coated Steels, J. of Materiale for Energy Systems, Vol.
8, *3,
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ng trucks operating in the heavily corrogive salt belt area of southern
Ontario. The generally superior performance of the hot-dipped specimens
may ba because they had thicker coatings than the electrogalvanized
specimens. In 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 ig the way to go.

Based on the Dofasco tests and improvements in hot-dip galvanizing,
2-gide hot~dip, galvanized steel 13 the sheet steel of choice for military
applications, For gteel panels that are to be painted, gsome reduction in

. zinc coating thicknesgs ig justifiable on the painted gide. This would
reduce welding problems., However, even painted surfaces should have some
zine, to reduce corrogion in the vicinity of paint film digcontinuities.

6.2.6 Galvanizing of Material cther than gheet steel. Normally, when
one thinks about galvanizing in connection with automotive engineering, he
or she thinks of pregalvanized gteel sheet. . However, steel components can
be galvanized after fabrication. Hot-dip galvanizing shops can treat
previously fabricated floorpanz, suspengion components, space framed, and
chasgis assemblies. Post-agsembly galvanizing offersg the advantage of
uging existing metal forming and aggembly techniques without having to
worry about damaging a previously applied coating. If a welded assembly
ig to be zinc-coated, the zinc should be applied afterward, becauge zinc
fumes are not healthy to breathe. In gome applications, steel components
are aluminum,- rather than zinc-coated because of this problem.
Remember that any protective coating is uselesg if vaporized or

iE; otherwige destroyed during welding. Coatings in such areas must be

applied, or re-applied, after welding if that happens.

6.2.7 Zinc-Aluminum Combinationsg. It has long been known that aluminum
coatings are superior to zinc in offering barrier protection to steel,
while zinc offers better sacrificial protection. Steel manufacturerg have
therefore gought to develop zinc-aluminum alloy coatings, so ag to offer
both the barrier protection of aluminum and the sacrificial protection
offered by zinc at edges, gcratches, or defects in the coating.

. Galvalume (R). Bethlehem Steel Corporation, after years of research
and field testing, introduced a 44 7% zinc, 554 aluminum, 1% silicon ailoy
coating for gteel, in 1976. This coating ig marketed as Galvalume, and is

. claimed to posgesd superior corrosion registance vis-a-vig conventional
galvanizing. Galvalume-coat%ed steels reflect infrared radiation better
vhan type 1 aluminum-coated gteel,* and can ba uged at temperatures up to
600F (316C). Thisg igs not as hizh a tempsrature as that which exhaust
gystems can generate. Yet Galvalume-coated gteels, given their corrosgion
regigtance and thermal reflectivity, may be a good choice of material for
some applicationg, Posdible applications include engine or engine
compartment componentg not subjected to temperatures such that stainless
steels would be more suitable.

. * Hart, R.G. and H.E. Townsend, Galvalume Excelg ag Heat Reflector, in
Q’:j} Hov. 1983., Metal Progresy, Page 29.

64

3EE§53UEE!SBEEESX'EEZ?SS&ZES‘L

B~ e T e T TG B WSl 8 TR TS0 W WL R g SRS AT ey v setrr e - " ——— e o T




3ﬂ5EEE5ﬂﬁﬁ335EﬁE3&B3EKZﬁ3EEESﬁEEEK3EEEEESEKKEEKEEEEKEEEﬁEKEXXKEEEKLJQﬁ@ﬂUﬁQ5EﬁEﬁUEEﬁE5&ﬁ&ﬂ£ﬁé§&ﬁ&ﬁﬁﬁé§&§&§3§

Thig main disadvantage of Galvalume-coated steels ig limited
formability, between CQ {commercial qualityj and DQ (drawing quality).

Galfan*. In 1979, the International Lead and Zinc Research i
Organization (ILZRO) undertook research on the zinc-aluminum eutectic (see
Figure 49) that occurs at approximately 954 Zinc, 5% aluminum. The actual
work wadg performed by the Centre de Rechercheg Metallurgiques {(CRM) in
Leige, Belgium. The purpose of this resgearch was to find a way to protect
the market for zinc, which would be threatened if Galvalume bocame
popular. Algo, ILZRO wanted a zimc-aluminum combination that would be
usable on existing hot-dip galvanizing lines.
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Fig. 49. PHASE DIAGRAM, ZINC-ALUMINUM SYSTEM

Inland Steel Corporation had previously carried out research on the &
Zinc-5% aluminum eutechtic, and their researchers were issued three United
States patents. Unfortunately, Inland Steel did not solve the technical
problems that arose in producing a high quality commercial sheet gteel
coating. Redearchers at CRM gtudied various additives, hoping to find an
alloying ingredient or combination which, when added in small quantities
to Zinc-5% aluminum, would result in a coating with the degired surface
smoothness, corrogion resigtance, and formability.

Fortunately, nature geeg fit that guch a combination should exist.
Cerium and Lanthanum, present in small concentrations, achieves the
degired regults, A naturally occurring mixture of cerium and lanthanum,
known ag mischmetal, ig satisfactory. Tramp elements (lead, cadmium, tin,
etc.) mugt be held to low levels (0,005% for lead and cadmium, 0.04% for
total tramp element content).

The resulting gsystem--zinc, with about 5% aluminum and up %o a tenth
of a percent migchmetal, was subjected to extensive testing to verify its
producibility and corrogion registance. In 1981, full gcale trials were
carried out by a congsortium of steel producers at a facility in France.
It wag at this time that the Zn-5% Al mischmetal, hot-dip applied coating
wad given the name by which it ig now known--Galvanizing Fantagtique, or
Galfan. Galfan-coated sheet, wire, and tubing has been produced for
various engineering applications.

¥ Quttman, H. and S. Beligle, Galfan--A New Coating for Automotive @Eﬁ
Tubing., SAE paper 860274, in SAE sgpecial publication SP-649.
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Galfan may best be described as a high performance galvanizing with a
small amount of aluminum, rather than a zinc-aluminum combination. With a
95% zinc content, Galfan offersg the unparalled sacrificial protection of
zinc at edges and gcratches. IV has proven its mettle in actual field
tegtg, such as the one conductel in Southern Ontario. Galfan coated
dpecimens proved guperior to others in corrogion resistance, whether
painted or unpainted. It hag proven to be at least a good as Galvalume
under various tests, Figure 50% shows how Galfan compares to conventional
galvanizing in salt aspray tests.

Conventionel
Galvanlsing

Fig. 50. CORROSION PREVENTION PERFORMANCE OF CONVENTIONAL
GALVANIZING AND GALFAN

Galfan-coated sheet steel has proven superior to conventional
galvanized steel in formability.** This makes Galfan suitable for
applicationg involving deep drawing, such ag oil filter cans and brake
housings. Compared with conventional galvanizing, Galfan has little
tendency to flake off during drawing or forming.

Galfan possgesses the same problems ag conventional hot-dip galvanizing
with regard to gpot-welding. Electrode tip life tends to be short. One
avkomobile manufacturer hag achieved 2000 welds between changing of
machine settings, by using a harder copper or a gpecially contoured tip in
vhe electrodes. *#

Finally Galfan-coated steels can be phosphated and painted as readily
ag conventional galvanized steel. Specimeng painted by E-coat primers
(such ag PPG epoxy) have demonstrated fine corrogion resistance when
dcribed and gubjected to 1000 hours of salt spray.#*«

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

LR Lynch, R.F., Galfan Coated Steel for Vehicle Applications Requiring
Superior Formability and Corrogion Registance. Paper presgented at
ADPA meeting, 29 Apr. 1986, Williamsburg, Virginia.
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Final notes: All hot-dip galvanizing useg aluminum, in gmall amounts, to
regulate the coating-substrate alloying that ig essential to hot dip
applied metallic coatings, Also, one steel manufacturer has improved the
performance of zinc coatings by adding a small amount of magnesium to the
molten zinc. In any event, improvements in galvanizing assure that zinc
coatings will remain the cutting edge in the war on corrosgion.
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CHAPTER 7
CONVERSION COATINGS

Three types of conversion coatings are applied to metals for improving
wear or corrosion resistance, or to improve the adhesion of gubsequently
applied organic coatings., Thege coatings are as follows:

1) Phosphate coatingg, congisting of crystalline phosphates of iron,
zinc, or manganesge integrated into the metal gurface.

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

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

7.1 Phogphate Conversion Coatings. Phosphate conversion coatings are
applicable to steel, zinc (asg on galvanized steel), aluminum, and
cadmium. Their most important application ig as preparation for organic
coatings on gteel., The crystalline nature of iron and zinc phosphates
gserves well ag a transition layer between a metallic surface and an
organic coating. Phosphate layers greatly improve paint adhesion and
reduce the propagation of corrosgion that otherwise rapidly occurs at
gcratches or other defects. Historically, phosphating was developed to
improve corrosion protection by painting for iron and steel. Today, with
galvanized steels and modern electrophoretic primers, phosphate treatments
are still an esgential par% of product finishing technology.

Phosphate coatings also serve to retain lubricants and metalworking
compounds. They have been widely used to aid forming operations, and to
reduce wear when steel gurfaces are in sgliding contact with one another.

As mentioned before, phosphate coatings can be iron, zinc, or
manganege. Iron phosphate is a satisfactory paint base for applications
where corrosion protection ig ledgs important than appearance and cost.
Zinc phosphate provides excellent preparation for organic coatings. It
offers better corrosion protection than iron phosphate, and ig applicable
to cold-rolled steel, zinc-coated, or zinc-iron coated surfaces.

The only application for manganese phogphate is to provide wear
registance for bearing surfaces., Even here, the recant trend is heavy
zine, rether than manganese phosphate.

A phogphating solution ig almost always aqueoug#, and congigts of the
degired metal phosphate, and a gufficient concentration of phosphoric acid
to keep the metal phosphate in golution. Commercial phosphating solutions

%¥ Phosphating solutions baged on chlorinated organic gclvents have been
devised.
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also have accelsrators to speed up the coating process. The accelerator @ﬁb

ig an oxidizing agent. Nitrites, nitrates, peroxides, and chlorates have

been uged. Nitrite accelerators yield the best results. :
When a phosphate solution is applied to a ferrous surface, the iron .

reacte with the free phogphoric acid. This cauges the Ph of the solution

to rige in the vicinity of the surface. The metal phosphate ig now less

goluble ag a redult, and precipitates on the surface, forming the coating.

The acid diggolves iron in anodic regiong, which shift from time to time

ag the reaction progregses. The process ig controlled corrosion; and like 1,

any corrogion reaction involving an acid, hydrogen forms on cathodic Pt

regiong, The purpose of the accelerator is to depolarize the cathodeg by b

combining with the hydrogen, thus speeding up the reaction. :
The ratio of free phosphoric acid to total phosphate is critical to '

the phosphating process. Excess acid merely pickles the surface, while

too little free acid results in sludge formation and poor results. i
Phosphate coatings on steel formed by a zinc phosphate solution 1K

consist mainly of hopeite (hydrated zinc phosphate,

Znz (P0+) 2-4H20, with phosphophyllite (hydrated zinc-iron

phosphate, ZnzFe(P04)2-4H20 also present.
When phosphating zinc surfaces, such as galvanized gteel, the solution

likewige congiste of free phosphoric acid and zinc phosphate in carefully

balanced proportions., (It is posgible to treat both steel and zinc with

one solution). Again, the idea ig to maintain a pH low enough to react

with the surface, yet not go low (or, not so highly acidic) as to prevent

a phosphate coating from forming.
Phogphating is a process requiring a high degree of quality control.

There must be careful control of solution temperatures, concentration, and {

impurity levels. Surfaces to be treated must be absolutely free of heid

grease, oilg, drawing compounds, and dirt., Treatment sequences include

multiple cleaning, ringing, conditioning, phosphating, and

pogt~phosphating rinsing. A typical zinc phosphating gequence for

automobile bodies ig: ’

1. A prewash, to remove heavy dirt, solder grind dust, etc.
2. Medium duty alkaline cleaner
3. Hot waber rinse
4, Secondary cleaning .
5. Conditioning rinse. This step applies a conditioning agent({
(i.e., sodium phosphate with a small concentration of titanium
phosphate) to provide nucleation gites on the surface. .
6. Treatment with the phogphating solution.
7. Cold water rinsing
8. Chromic acid rinse. Traditionally, chromic acid ringes have

been applied after phosphating to improve paint bonding and
corrogion resistance. Metal product finishers have sought in
recent yearg to eliminate chromium ion-containing rindes, becauge
of health and environmental congiderations.

9. A final deionized water rinse. This step ig mandatory when
phogphating is performed prior to electrophoretic priming, as
regidual chemical contamination ig harmful to that process.
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The various cleaners and solutions can be applied by spray or
immersion. Immersion is the preferred method for steps 2, 3, 5, 6, and 7,
while spraying is preferred for the last step.

The goal ig to form a coating with a uniform, dense, fine-grained
crystal structure. Some phosphating solutions 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 crystals integrated into the metal surface. This results in a
network of capillaries which abgorb and retain organic coatings. Also,
the nature of the metal surface ig 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 electrochemical cells to form underneath paint coatings. This
results in underfilm corrogion upon exposure to water or high humidity.
Phogphate coatings are non-conductive, thus electrically ag well ag
physically isolating the metal surface. These are the reasons why motor
vehicle bodiegs and other ferrous items, are phogphated before painting.
Zinc is by nature a poor paint Dase, so phosphating iz as important as
ever when painting galvanized bodies.

Phogphate layers also retain lubricantg, and are therefore applied to
aid forming operations and to improve wear registance of metal partg in
sliding contact with one another. Yet another application ig to retain
rugst-preventive agents on ferrous items during storage or while under
transport.

7.1.1 Coating weights. Iron phosphate layers range from 20 to 100 i
mg./ft.% (0.22 to 1.1 gr./m?). Light zinc phosphate coatings, applied
as paint bages, range from 120 to 300 mg./ft.2 (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 800 to 3000
mg./ft.2 (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.2).

7.1.2 Phosphate coatings for aluminum. Crystalline phosphate coatings
azz adaptable to aluminum surfaces, The sgolution mugt 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 golution contains 0.7%4 zinc ion, 1% phosphate ion, 2% nitrate
ion, and 1% fluoborate BF~* ion. 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
milligramg per square foot (1.076 to 5.382 gr./m.2), and can be a base
for organic coatings. Phosphate layers on aluminum aro also an aid to
forming operationg.

Crystalline phogphate conversgic coatings for aluminum were developed
during the 1940's. This process was later superceded by amorphous
phogphates and chromates. The crystalline phogphate process offers the
advantage of being usable on assgemblies of gteel and aluminum.
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7.2 Chromate Conversgion Coatinge. Chromates have been versatile
workhorges in the metal finishing industry. Conversion 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 rinse to augment corrosgion
protection. Chrcmate-containing pigments have long been used in
anticorresicen primers. Non-chromium containing pigments and metal
treatments are replacing chromates in some applications, because of health
and envircnmental problems. Non-chromate conversion coatings have been
used in the container industry. However, no completely satigfactory
gubstitute for chromates as pretreatments for aluminum or magnesium, have
been found.

Chromate convergion coatings gerve as bases for organic coatings on
aluminum &ad magnegium, just as phosphates do for ferrous and zinc
surfaces,

All chromate treatment solutions contain hexavalent chromium ionsg.
Other chemicals are needed to adjust the pH.and accelerate the reactions.
When chromating a metal surface, some of the base metal dimssolves. This
causes hexavalent chromium to be reduced to the trivalent state. The
metal gurface iz converted to a superficial layer containing trivalent and
hexavalent chromium. The metal finishing industry has developed a variety
of solutions and processes using chromium compounds.

7.2 1 Chromate treatments for aluminum, Three chromate-type treatments
for aluminum will be discugsed here. They are 1) alkaline oxide, 2)
chromium puogphate, and 3) chromium chromate.

Alkaline oxide coatings are typified by the modified Bauer-Vogel (MBV)
> .cesg, which ig applied to aluminum surfaces vith a golution containing
godium carbonate, sodium chromate, plus additions guch ag gilicates or
fluoridas. Sodium carbonate is an alkali-like sgalt, and gerves as the
active agent. The chrumate regulates the reaction. The deposgited film
congists of aluminum oxide, with chromic oxide formed by reduction of the
godium chremate.

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 chromave are supsrior.

Chromium phogphate convergion coatings are applied to aluminum
surfaces by uging golutions containing phosphate, chromata, and fluoride
with the pH on the acid side. The proportions of phosphate asg HaPOs,
fluoride, and chromium ion (ag Cr0az) must be within the boundaries
illustrated in Figure 51). The fluoride acty as an activator, breaking
down the natural oxide layer, while the phosphoric acid provide the
nicesgary acidity. Some of the aluminum dissolves at anodic gitey,
forming aluminum phogphate. At cathodic sites, hexavalent chromium acts
as a depolarizer, and is reduced to trivalent chromium, which is
incorporated into the iilm, This treatment produces a conversion coating
congisting of chromium and aluminum phosphates, with a gmall quantity of
fluoride. The coating is green in color due to the presence of reduced
chromium,
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Fig. 51. OPERATING RANGL CHART FOR
CHROMATE-PHOSPHATE CONVERSION COATINGS
FOR ALUMINUM.

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

Cr203-Cr03-xHz0. The solutions used to apply these coatings are
proprietary; a typical formulation consists of sodium dichromate,
potassium ferricyanide, sodium fluoride, and nitric acid. The first
component provides hexavalent chromium. The nitric acid provides acidity,
and the fluoride is the attacking agent, dissolving the oxide film. The
ferricyanide acts as an accelerator.
-~ Chromium chromate and chromium phosphate films are amorphous, asg

‘L’ opposed to the crystalline structure characteri:<tic of phosphate coatings
on steel surfaces. Accordingly, organic coatings used on aluminum
surfaces with these pretreatments must have good adhesive pr-perties,
because 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 adhesion failure on aluminum
surfaced.

Chromate conversion coatingd offer some degree of corrogion protection
by themselves. An interesting feature of these coatings is low electrical
resistance, which rakes them suitable for treating electrical and

- electronic componei:ts,

- 7.2.2 Chromate Coatings on Zinc., Chromave treatments applied to zinc
surfaces, such as galvanized steel, inhibit the "wet storage stain’
characteristic of galvanized articles stored under wet or humid
conditiong. Chromate passivation is also applicable to cadmium-plated
components, Items being packaged for storage or shipment can benefit from
chromate passivation, because vapors from wood or paints can be corrosgive
to unprotected zinc or cadmium surfaces.

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

Finally, magnegium surfaces can be chromate-treated, either asg a base
for subsequent organic coatings or, in environments not too corrogive, asg

@D
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a protective coating in itself. 1in civilian automotive applications, for
sxample, a magnesium alternator fram? may require no protective coatings
other than a good chromate passivation treatment. In military
applications, any magnesium components would have to protected by a gcod
organic coating system.

\

7.3 Anodic Oxide Coatings. Anodizing is defined as 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 alloys, are the
most familiar metals regularly anodized. Aluminum alloys are anodized to
improve corrosion registance, for decorative purposeg, or %o prctect the
surface against abrasion. Magnegium alloys are anodized to improve
corrosion resistance and to serve as a paint bage.

Anodizing will be discusded further in the sections of this report
dealing with aluminum alloys.
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ORGANIC COATINGS

The category of coatings labeled "organic® includes paints,
varnigshes, lacquers, and enamels. One may also include temporary and
gemipermanent rudt-preventive greages, oils, and waxes under the “organic’
claggification.

- The world of organic coatings has changed. Laws degigned to protect
our atmosphere are reéstricting what was formerly the unregstrained use of
organic golventg. Accordingly, powder coatings and water-borne coatings

* are playing a more prominent role than formerly. One also hears a lot
about high solids coatings employing little, or even no solvents.
Electrophoretic (a.k.a. E-coat, ELPO) primers are now the standard method
of applying primer coatings to motor vehicle bodies. Nonetheless, to
understand organic coatingd, the engineer must ssart by sgtudying classical
coating systems.

Clagsical paints, enamels, varnishes, and lacquers consist of three
major componentg: film-former, pigment, and solvent. The film-former or
binder may be a drying oil, or it may be a resin which ig fluid only when
digsolved 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 vigscosity to a dezired level for eazier applicztion.

, A complete coating system for a metal surface begins with cleaning to

‘j;= remove mill-gcale, dirt, grease, and all other surface contamination.

Thig is very important: It has been said that a mediocre paint applied to
a well prepared gurface ig better than an excellent coating material
applied to a poorly prepared surface. The quality of the base material is
aigo important. Sheet steel with heavy surface contamination (i.e.,
carbon particles), can be difficult to clean and phosphate, and
gubsequently applied orgaric coatings will not adhere well.

The next gtep is a phogphate or other guitable conditioning
treatment, to improve coating adhesion and retard the spread of corrogion
beneath coatings. An alternative to phosphate treatments for large

. gtructures is to employ a "wash primer’, which is a brushed or sprayed-on
phosphate treatment employing an organic binder and pigments.

After cleaning and phozphating (or otherwise conditioning) a metal

- surface, a primer coszbing is the initial organic coating layer,

Subgequent coating layers following the primer include surfacers and
topcoats. The gurfacer, as itg name implies, levels out unevenesses, The
topcoat protects the underlying layers from the elements, and cuntains
pignents which impart the desired color for decorative, or camouflage,
purposes. (The primer contains the corrosion-inhibiting pigments).

8.1 Film-Forming Mechanisms and Materials. The clasgical film-former in
houge paints is a drying oil, such ag lingeed. The ,1l, along with
pigment particles, is diluted with a solvent for eave 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 so doing,
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the molecules link up with one another to form a golid film. This film
holds the pigment particles in place.

The mechanism drying cils use to form a solid film ig known asg
oxidative polymerization. Oil-based paints using red lead as the pigment
were widely uged ag primers for steel structures, before being supplanted
by better materials. Teday, drying oils are s8till uged in paints,
enameld, and varnishes,* but are modified by various processes. Resinsg
(s0lid materials) can be mixed with oils to improve film properties.

Another way to apply an organic coating film is to use a resin which
ig fluid when dissgolved in a suitable solvent, but which forms a solid
film as soon adg the solvent evaporates. These 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.
Thisg i3 known ag lacquer drying.

Nitrocelluloge lacquers were introduced in the 1920's. Thesge congist
of nitrocellulose dissolved in golvent, with pigment particles added to
impart color. The resulting lacquer is applied by gspraying. When the
gsolvent evaporates, the nitrocelluloge stays behind, on the gurface, as a
film,

The fast drying of nitrocellulose lacquers made possible the rapid
finigshing of automobile bodieg on production lines, with attractive and
durable finish:g in colors other than black. Because nitrocellulose is
brittle, plagticizery are added to impart flexibility to the film.
Manufactursrs have algo used various reging, such as alkyds, acrylicg, and
natural resins to further improve film properties. The trend in lacquer
formulation over the years has been toward lower viscogity nitrocellulose
and increased proportions of other regins, resulting in lower solvent (and
higher golidsg) content. This means lower material and applications costs.

Eventually, nitrocelluloge lacquers were superceded by thermoplastic
acrylic lacquerg for automotive finishing. Thermogetting acrylics were
later adopted ag baking enamels.

So far, two mechanisms of paint drying have been discussed: oxidative
polymerization and lacquer drying. A third drying mechanism consists of
polymerization reactions between ingredients in a coating formulation
without the aid of atmospheric oxygen. This is how epoxy and polyurethane
resing “cure® when ingredients of two-package formulations are mixed.
Other gynthetic regins that harden by polymerization include
urea-formaldehyde, melamine-formaldehyde, and acryliecs.

Modern finighes for building#, congumer items, military equipment, and
industrial applicationsg are made from a variety of natural and syntietic
materials. Coating manufacturers combine drying oils with other materials
to make alkyds. The variety of resins available to coating manufacturers
enableg them to produce paints, varnishes, and enamels with a variety of
properties. To fully degcribe 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 using a pigment and
binder. An e..mel ig a paint that formg a smooth gurface finish.
Varnigh refers to a coating without pigment particles.
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1imited aumber of coabing materials will be desoribed here, to provide the
engineer with a basic background in organic coatings for military
equipment.

8,2 Alkyd Resin - Baded Coatings. Primers and topcoata based on alkyd

reging are the clagsic military coatings. They have served the Army for
decades, until recent needs for chemical agent resistant coatings resulted
in their replacement by more modern coating materials, notably,
polyurethanesd.

An alkyd (alcohol + acid) i a polymer resin based on chemical
reaction between polybagic acidg and polyhydric alcohols. The former are
organic acids or acid anhydrides with two or more -COOH groups
characterigtic of organic acid molecules. The latter are alcohols with
two or more -OH groups. One possible alkyd combination is phthalic
anhydride, a bifunctional organic acid substance, 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. 52b. ETHYLENE GLYCOL
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Fig. 52¢. A SIMPLE ALKYD, FORMED BY PHTHALIC ANHYDRIDE
AND ETHYLENE GLYCOL.
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Now, suppodge one were to formulate an alkyd with phthalic anhydride as
the polyfunctional acid but with glycerol as the polyfunctional aicohol,
Glycerol has 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 -OH groups free to react with the phthalic anhydride.
Accordingly, fatty acids characteristic of drying oils can chemically
combine with phthalic/glycerol alkyds to form a resin combining the
favorable characveristics of glycerol phthalate and drying oil. Pure
glycerol phthalate is brittle because of extensive crogsg-linking between
the linear chaing. Adding drying oil makes the film more flexible.

Drying oils are naturally occurring triglycerides of unsaturated fatty
acids (see Figure 53). 1In classical linseed oil-based paint, multiple
double bonds in the fatty acid chaing (resulting from non-saturation)
provide diteg for the oxidative cross-linking described earlier. If a
drying oil i#2 mixed with glycercl in the right proportions and heated in a
kettle, an interchange reaction (see Figure 54) occurg. The objective is
to form glycerol molecules with one, or at most two, fatty acid chains,
rather than three.

H— C—OH

H— c—on

H—C—OH
H

Fig. 53a GLYCERCL

HH HHHHHHHM P
H—C—C—C= C—C—C=Cm C—C=C~4CC
H H H H HAE Nou

or 3 R-COOH

Fig. 53b. LINOLENIC ACIC, A TYPICAL DRYING OIL FATTY ACID

H
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H—-C—O-— —R'
H—c—o0—&—
o ; R,
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Fig. 53c. DRYING OIL MOLECULE. R,, R,, R
' 72 73
ARE FATTY ACID RADICALS SUCH AS Fig. 53b ABOVE.
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Fig. 54 FORMATION OF FATTY ACID MONGGLYCERIDE

The regulting fatty acid monoglyceride has two -OH groups that can
form linear chains with bifunctional acids such as phthalic anhydride. 1If
glycerol ig reacted with drying oil to yield fatty acid monoglyceride and
subsequently combined with phthalic anhydride, the result ig an alkyd
congigting of random couplings of glycerol, phthalic anhydride, and fatty
acid (seo Figure 55). This is the alkyd system uged for years in military

coatings.
- COOH LINKS - OH LINKS
_+_ w—FATTY ACID
~  CHAIN

PHTHALIC FATTY ACID
ANHYDRIDE MONOGLYCERIDE

OXIDATIVE
CROSS~LINKING

GLYCEROL/PHTHALIC ANHYDRIDE/DRYING OIL ALKYD RESIN

Fig. 55.
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& vypical alkyd primer is baged on standard TT-P-664. The film-former
in an alkyd regin formed by esterification of glycerine, phthalic
snhydride, and fatty acidg obtained from linseed, goya, safflower, and
sunflower oilg. The specification calls for a minimum of 38 percent (by
weight) phthalic anhydride, and 32 percent oil acids, expregsed as
percentage of vehicle golids.

The pigment is a mixture of zinc chromate, iron oxideg, and giliceous
extenderg. The purpose of this pigment mixture is rust inhibition rather
than any specific color requirement.

The golvent meets one of two gpecificationsg: Composgiton G, for
general uge, congists of volatile aromatic golvents. Compogiton L is for
uge in areas where air quality standards restrict solvent emissions into
the atmosphere. Under the composition L standard, certain )
photo-chemically reactive solvents are restricted or eliminated. Both @
and L standards forbid highly toxic solvents such ag benzene and
chlorinated hydrocarbons.

A typical alkyd topcoat enamel is specified undér MIL-E-52798A
(Enamel, Alkyd, Camouflage). The film former is-a glycerol/phthalic
anhydride/oil alkyd. The oil acids congtitute 45 to 55 percent, by
weight, of the resgin dolids. Phthalic anhydride occupieg 30 percent of
the resin weight.

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

o Light green o Earth yellow
o Forest green o Earth red

o Dark green o Degert sand
o Olive drab o Black

o Field drab

All pigment formulations must meet requirements for chemical
compogition, visual-gpectral, and infrared-spectral characteristics for
camouflage purposeg. A typical camouflage pigment mixture is forest
green, with vigual and infrared characteristics adjusted go as to
duplicate the characteristics of naturally occurring chlorophyll, as in
tree leaves and other vegetation.

A typical earlier paint dysatem before CARC was mandated, applied to
M60 serieg main battle tanks, congists of TT-C-490 phosphate treatment,
TT-P-664C primer, and MIL-E-52798 enamel.

In recent years years, military gurface coatingdg have been
reformulated to eliminate lead- and chromate- containing pigments. For
example, TT-P-664C haz been replaced by MIL-P-5298%5, which calls for a
corrogion inhibiting, lacquer-resigtant, lead and chromate free primer.
The pigment consists of iron oxide, zinc phosphate, a proprietary
material, and giliceous extenders., The pigment must not have hexavalent
chromium. The binder ig a regin-modified, drying oil-phthalic alkyd
regin.

Drying oil modified, glycerol phthalate alkvd resing have attained an
important place in coating technology since their introduction in 1930,
becauge their durability is much better than the oleoresinous materials
they replaced. Thig is why alkyd primers and topcoats have been
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standardived by the military for protective coating of vehicles and other
items. Th2 coatingdg chemist can cbtain a range of properties by using
different oilg, and by varying the prc¢portion of oil fatty acids in the
alkyd formulation.* While glycerocl 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 styrene, zilicones, acrylics, and
other materials. The main disadvantage of oil-containing alkyds is that
they are vulnerabls to attack by alkalies and other chemicalsg.
Accordingly, coatings chemigts have, over the years, sought more durable,
and more chemical-resigtant paint binders.

8.3 Epoxy resing. Epoxies are gynthetic resins which harden by
crogs~linking. These resins have a number of applications, including
gurface coatings, adhesives, and fiber-reinforced composites. The most
common epoxy regins are formed by the reaction of epichlorohydrin and
bigphenol A, resulting in the molecular ztructure 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
molecule can also combine with other materialg via the -OH groups.

EPOXIDE GROUP -0H GROUP
~t= —t
AT 7 i i I A
€—C—c—10 —O—c—O—0—c—c— c~o—O)—¢c—O—0—Cc—c—¢
ok & bbb & U

Fig. 56. THE MOLECULAR STRUCTURE OF A COMMON EPOXY RESIN, FORMED BY POLYMERIZATION
OF EPICHLOKOCHYDRIN AND BISPHENOL A.

Epoxy-baged film formers for surface coatings can be made by reacting
the basic epoxy molecule with drying oil fatty acids, or by crogs-linking
spovy with amined, amideg, phenolg, amino reging, or other materialg whosge
molecular structures have reactive hydrogen. Commercial epoxy packages
congigt of a bagdic epoxy regin, typically epichlorohydrin/bisphenol 4,
plus a crosg-linker. Some formulations use a catalylst to accelerate the
reaction.

Curing agents guch as amines react with epoxy so quickly that the two
must be kept in gseparate containers, and mixed shortly before utilization

¥*  People in the coatings field use the term oil length to describe the
propertion of oil acide in alkyd resing.
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ag a coating, adhesive, etc.* The maximum time an epoxy mixture can be
allowed to git, before excessive cross-linking renders it unfi% for i
application, is called pot life,

In surface coatings for military applicationg, epoxy resins are mainly
uged ag primers. A clagsical epoxy primer uded by the Army is
MIL-P-23377D, a two-component, epoxy-polyamide, chemical and solvent
registant primer coating, compatible with aliphatic polyurethane (CARC)
topcoats. One component congists of epoxy resin, along with pigment and
golvent. The other component congiatg of a polyamide resgin, plus
golvent. The user mixed the two components in equal proportionsg, by
volume, to obtain a product meeting the specification. The mixture may be .
thinned with solvents mecting MIL-T-81772, for ease of application.

The pigment is primarily strontium chromate. Type I pigment is 52% of
the above, with 10% titanium dioxide and up to 38% by weight u!liceous .
extenders and antigettling agents. Type II pigment consists of 42%
(minimum) strontium chromate, up to 32% extender, and up to 26% coloring
pigments.

When applied to pretreated aluminum test panelg, the primer must
regist 5% salt spray for 1000 hours.

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

Another epoxy primer, gpecification MIL-P-53022A, covers a
corrogion-inhibiting, lead- and chromate-free primer, formulated so as to
meet air pollution requirements regarding solvept emigsiong. The film
former is bisphenol A-type epoxy, crozs-linked with an aliphatic
amine-epoxy adduct. Like all such systems, the resing and cross-linking
compound are gtored geparately and mixed prior to application.

The pigment cannot contain the familiar chromate compounds
traditionally ugsed for corrosion inhibition. It consists o titanium
dioxide (50% by weight), zinc phosphate (9 to 11%), and siliceous
aextenders. The pigment must test negetive for hexavalent chromium. About
1% of the pigment is a proprietary substance.

MIL-P-53030 ig a specification for a water-reducible, corrosion
inhibiting, epoxy primer. This primer containg no more %han 340 gramg per .
liter (2.8 Lb. per gallion) of volatile organic compounds.

In indugtry, epoxieg offer the advantages of good adhesion, and
reaigtance to abragion and chemical attack. Becauge epoxy regins hirden ] .
by crogs~linking, they can be applied at low molecular weights, thus
permitting reduction, even eliminztion, of golventds. Epoxies are also
applicable by electrophoretic procegses. Combinations of epoxy resin and
coal tar have been uged in heavy-duty corrogion protection applications.

¢

# Some epoxy gydgtems react so glowly at room temperatures that they can
be iggued in a gingle package. The coating must then be heated to
activate crosg-linking.
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§§§ Epoxy coatings are not employed ag external topcoats, ag they do not
offer the durability characteristics of alternative topcoats under
sunlight (UV radiation). They make good primers for ferrous and
non-ferrous metals, and are the standard primer for CARC systems using
polyurethane topcoats.

8.4 Polyurethane resing. Polyurethanea are based on chemicals such as

toluene di-isocyanate, 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,

elagtomerd, adhesived, and coatingg, With regard to coatings, a number of

. systems have been devised. Some are one package formulationsg, while
others have to be igsued in two containers. Figure 57 illustrates gome
polyurathane gystems.

By strict definition, a polyurethane resin is a polymer formed by
reaction between the isocyanats (-NCO) and hydroxyl (~OH) groupg in
polyfunctional igocyanates and polyhydroxyl (or polyol) compoundsg. The
polyurethane coatings we uge today are baged on technology developed in
Germany during the 1930's and -40's. This technology owes much to the
pioneering work of Dr., Otto Bayer, who discovered the diisocyanate
polymerization reaction in 1937. By the 1950's, the Bayer chemical firm
had gtandardized polyurethane products on the market. The °"Desmodurs®
were polyigsocyanate compounds, while °"Desmophens were polyesters with
multiple -OH groups. A polyurethane forms when a Degmophen is mixed with
a Degmodur,

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

In recent yearsg, increaged attention has been given to the possibility
of NBC warfare. What military vehicles (and other equipment) need, isg a
topcoat material that does not abgorb chemical agents, and can be easily
decontaminated after such exposure., Coatings based on Degmodur-Desmophen
technology meet this need.

Chemical agent resistant polyurethane coatings (CARC) are gpecified
under MIL-C-46168. This specification calls for an aliphatick* system
whose components must be kept separated until shortly before application.
Component A ig a prepolymer conristing of phthalie anhvdpide combined with
trimethylol propane disgolved in a golvent, Thisg component also carries
the pigment called out in the specification. The second component (B) is
an aliphatic polyisocvanate, dissolved in a solvent. Components A and B
are mixed in a 4:1 7..io to yield a product meeting the gpecification.

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

% Military polyurethane coatings are bagsed on aliphatic
polyisocyanateg. This resultg in improved propertieg compared to the
aromatic polyurethanes that were the bagig of a lot of the early work
on polyurethane coatings.
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Fig. 57c. MOISTURE-CURING POLYURETHANE REACTIONS

pretreated. The standard polyurethane coating system consigts of an epoxy
primer, followed by the polyurethane topcoat. It isg not necesgsaly to use
elevated temperature baking to cure either the epoxy primer or the
topcoat, because they cross-link at normal temperatures. This means,
however, that neither of these coatings may be allowed to git very long
after mixing the components.
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MIL-0-461680 oalls out 28 colors, Some colors are camouflage-typa.
The pigments may meet one of two standards: Type I calls for standard
formulation for all colors. Types II and III call for lead- and
chromate-free pigments. Type III is a specification for reduced volatile
orgah.c componant solvent formulation.

The driving force behind development of polyurethane coatingsg for
military applicationg is registance to chemical agents. Alkyd topcoats
readily absorb toxic agents, and decontaminating solutionsg (i.e., DS-2)
will gtrip the coating off the surface. Polyurethane topcoats are not
given to absorbing toxic agents. Alsgo, one can decontaminate a
polyurethane-coated surface with gtandard decontaminating agents. The
aliphatic polyurethanas also offer excellent durabiiity in other areas.
Disadvantages include the following:

o Sensitivity to surface preparation -- gitringent quality control
required

o Need to mix two components

o Toxicity of di-isocyanate compounds

o Difficulty of application in the field (lepairing a damaged
coating couid be difficult)

These disadvantages can be overcome with experience, and the
advantages of not being “stripped” during NBC training (or actual
warfare!) makes polyurethane coatings worth their added expense and
difficulty.

8.4.1 One - Component Polyurethane Coatings. There are techniques by
which polyurethane coatings can be offered in one package instead of two.
Moigsture curing formulations consist of a polyhydroxyl material reacted
with excess polyisocyanate to form a prepolymer with excesgs -NCO groups.
Thig prepolymer must be protected from moisture at all timeg, until it ig
applied to the gurface being coated. Then, moisture normally in the
atmosphere reacts with free -NCO groups to form amine groups. These then
react with other free -NCO's to cross-link the prepolymer into a resgin
with the desired properties (gee Fig., 53C).

Blocked, or "disgulsed” polyisocyanate asysvesms, use a Lsmporary
blocking agent, notably phenol, to react with free -NCO groups of an
igdocyanate adduct or prepolymer. Thig ig mixed with -OH bearing
componentg and pigmentsg, solventg, and catalysts .o make a one-component
coating. Becauge the -NCO groups are blocked, no reaction occurg in the
container. When applied to the surface being coated, the coating must be
heated to a temperature high enough to break the blocking agent away from
the -NCO bearing component. The blocking agent evaporateg. Igocyanate
groups, now free, form urethane linkages in a manner gimilar to two-part
gystems. “Blocked® polyurethanes suffer the disadvantages of requiring
high temperature (150C for phenol-blocked gystems) baking, and the need to
digpoge of the vaporized blocking agent.

In addition to the above, polyfunctional isocvanates can be uged in
conjunction with drying oil derivatives to yield urethane oils, or
‘uralkyds®. These have been used in varnishes and enamels.
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There is a military gpecification for a one-component, aliphatic
polyurethane, chemical agent registant coating. MIL-C-53039 (ME) is a
lead-and chromate-free, low VOC solvent coating based on aliphatic
polyisocyanate reacted with an -OH terminated prepolymer. The resulting
material is such that when applied to 2 surface, moigture from the
atmosphere completes the film-forming process. Muvisture-curing,
one-component polyurethanes Lerd to have limited shelf life.

One coatings manufacturer haz attempted %o sell the Army on the merits
of a low VOC, blocked isocyanate one-package coating. This material uses
3.5 1lb./gallon of volatile organic solvents at an application vigcozibty of
25 seconds (Zahn #3). It must be baked for 20 minutes at 325F.

Polyurethaneg have an asgured 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. Ag far as the author knows, 2-component
polyurethane (MIL-C-46188) and meisture-curing one-component urethane
(MIL-C-53039) are the only exterior topcoat ‘materials which meet CARC
requirements and, at the game time, do not require high temperature
baking. . ,

Polyurethane enamels have long besn uged on aircraft, which require
smooth coatings for good aerodynamic eificiency. Aircraft coatings must
algo resist abrasion. On both pointa, the urethanes outperform other
coatings. The automotive industry has also taken notice of the
poggibilitieg offered by these coatings.#

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

8.5 Other Resgins.

8.5.1 Urea- and Melamine - Formaldehydes. Urea and meiamine (see Fig.
58) are amino compounds used for various purposges in the polymer

indugstry. In surface coatings, urea-formaldehyde and
melamine-formaldehyde reging have been uged in baking enamelg. Generally,
melamine~formaldehyde ig a higher performance material than
urea-formaldehyde.

A once-popular baking enamel for congumer goods congisits oi s#pecially
formulated alkyd resin fortified with 20 to 35 percent
melamine~formaldehyde resin. Such enamels had found wide acceptance for
finishing appliances where detergents (washing machinez) or food chemicals
(refrigerators) will attack cheaply made coating materials. A number of
federal alkyd enamel gpecificationsg call for 20% melamine~formaldehyde asg
2 fortifier., Such enameld are baked after application. The melamine
allows it and performance demands it.

* Polyurethane Coatingd Help Solve U.S. Automotive Paint Challenges,
page 38, Modern Paint and foatingg, July 1987,
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UREA FORMALDEHYDE U-F RESIN BUILDING BLOCK

Fig. 5ta. UREA~-FORMALDEHYDE

Fig. 58b. MLLAMINE. Used as the basis for
many cross~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
bsen ussd in mitrocellulose fimishes., Urea and melamine can cross-link
epoxy reging, and melamine can combine with acrylic polymers to make
acrylic baking enamels.

MIL-E-52835A4 (Enamel, Modified Alkyd, Camouflage, Lusterless) covers a
forast green camouflage enamel congisting of phthalic anhydride/drying oil
alkyd resgin modified with 20 percent, by weight, of butylated
melamine-formaldehyde regin. The latter i8 a cross-linking resin which
polymerizes only under baking heat. Typical baking parameters: 30
minuteg at 300F (149C).
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8.5.2 Phenolg. Phenol CeHeOH and ity derivatives 6%@
(i.e.,paraphanylphenol) can combine with formaldehyde and polymerize.
Phenol-formaldehyde resin, introduced in 1908 by Leo Baekeland, was our
first truly gsynthetic material.

Oleoreginous film-formery, using substituted phenols o form the resin
and tung oil as the oil component, are claggice in the hisgtory of
varnighey. Phenolic~tung oil coatings can withstand salt watep gpray, and
therefore make good marine gpar varnishea.

The suriace coating indus$ry has utilized phenol-baged resing in a
number of forms. Thermoplastic phanelic resing are used with oils to make
air drying varnishes. Low molecular weight thermogetting phenolg are
blended with oilg and solvents to make baking varnishes and enamels.
Oil-free phenol-formaldehyde resin can creoss-link epoxy molecules.

Highly polymerized phenolic resins can be modified with natural resins
to make them cil-soluble., Resin-modified phenolic redin, blended with
drying oil, was the %“agig for the ‘four hour® enamels commonly used in the
1020'g and early 1930°sg, before alkyds were.adopted.

chenolic coating materials have proven their ability to protect brake
aggemblies from galt wate: corrosion. (Flandermeyer, Test of Methodz for
Protection of Brake Agsembliea from Salt Water Corrogion, Fi¢. Belvoir,
1968.)

8.5.3 Vinyl Resing. 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 undasr the right

conditions. gits

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

I—0O—I
B—Cy—

Fig. 59. GENERAL STRUCTURE OF VINYL RESIN

Polyvinyl Chloride (PV(C) is a widely used plastic. Highly polymerized
PVC is tough, hard, and regists moisture and many chemicals. However,
coatings chemists do not use PVC by itself becaude it does not digsolve in
commonly uged golvents, and is brittle. Also, PVC tends to decompose when
subjected to heat.

Particles of PVC, suspended in a plasticizer along with stabilizers,
ig the basis for "plastigol” coatings. Thig system was investigated,
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along wibh other coabings, for protecting high-gtrength steel torgion

hara.% Plastisol coatings froved more cost-effective than a 2—compopent
polyurethane elastomer coating, and exhibited the necessary flexibility,

adhegion, abragion and impact resistance, and resigtance to diesel fuel.
PVC-plagtigsols for metal coating are specifiad under MIL-P-20689C. They
must be applied to properly primed surfaces, and baked at 325F (163C) for
15 minutes.

h common commercial automotive application for PVC - plastisol is to
protact vulnerable areas of motor vehicledg from stone and gravel damage.

Because PVC by itgelf ig brittle and diificult to solvate (dissolve),
coatings chemigts copolymerize vinyl chloride with other vinyls, notably
vinyl acetate and vinyl alcohol. Solution - type vinyl regins are mostly
vinyl chloride, with other monomers added so the resin will dissolve in
carrier solvents. These resing have been used in anticorrosion primers
and antifouling topcoats for shipg. They can be used by themselves, or in
combination with alkyds.

Other vinyle include vinylbenzene (styrene), polyvinlformal, and
polyvinyl butyral., The lagt ig the film-former in ‘wagh® primers, and
algo gserves as the flexible layer in safety glass.

8.5.4 Acrylics are a subcategory of the vinyls. They are derivatives of
acrylic acid or methacrylic acid (gee figures 60a and 60b). Polymethyl
methacrylate (figure 60c¢) serves the plasticg industry as a transparent
polymer. Acrylic compounds also gerve as adhesgived,

Acrylics are versatile workhorses in the gurface coatings industry.
They have been usgsed in lacquers, enamels, high-solids enamels, waterborne
latex paintsg, electrophoretic primers, and powder coatings. In the
automotive industry, acrylic enamels have replaced every other basic resin
type for topcoating purposes. Only polyurethane enamels and
polyester-based powder coatings threaten their supremacy.

Lacquers baged on thermoplastic acrylic redging were, at one time,
widely uged as automotive finighing topcoats. Eventually, lacquers were
guperceded because their high golvent content created air quality
compliance problems.

Thermogetting acrylicg are usged 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 crosg-linking reactiong. Melamine or
urethane crosglinkers can be uged to form a polymer network.

Non aqueoug digpersion (NAD) acrylic enamels uge resin dispersed,
rather than digsolved, in an organic carrier. Thig allows higher solids
for a given application vigcosity than goluiion-type coatings.

Finally, acrylics can be adapted to waterberne baking enamels.

A typical high-performance finishing system for commercial automobiles
gtarts with phosphate treatment, and ig followed by cathodic
electrophoretic primer. The primer is then baked. The topcoat congists

%# Austin, Avery J., N.F. Hayes, and K. Navasaitig, Improved Coating
Sygtem For High Strength Steel Torsion Barg, 7.5. Army TACOM R & D
Center, April 198},
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Fig. 60c. POLYMETHYL METHACRYLATE

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 sunlight and environmental chemicalsg.

8.5.5 Polyssters. A polyester is any polymer formed by condensation
polymerization of polyfunctional acids and alcohols. Insofar as alkyd
resing congigt of bifunctional acide and polyfunctional alcohols, they are
polvesters in the strict technical gendge.

Polymer chemistg uge the term “polyester’ to describe oil-free systems
in which the alcohol componentsg, or acid components, or both, have
ungaturation points so that linear chaing can be cross-linked to form
regin systems., The crogsg-linker may be a vinyl gubstance (i.e., styrene),
an isocyanate (urethane - polyester), melamine, or a low molecular weight
epoxy.

Polyester reging serve the plagtics industry ag 2 matrix material in
fiberglass vreinforced compogites. For surface coatings, polyesters can be
effectively used ag powders.
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8.8.6 BSiliocones are based on the molecular structure shown in Figure
61. Silicone polymers can be cold-blended or chemically combined with
other resins to make coatings with special propertiesg. Combinations of
gilicone rec.n and baking-type alkyd are suitable binders for white
enamels for surfaces subjected to temperatures up to 500F (260C).
Silicona intermediates can chemically combine with alkyd and other resins
to improve their properties, particularly for high-temperature
applications, Aluminum-pigmented, silicons-modified enamels could be used
to advantage in partg of military vehicles exposed to high temperatures,
i.e., gas turbine-powered main battle tank exhaust grilles.
Silicone-alkyd enamels have been used with success for finighing the
topsidas of shipg, an application requiring resistance to ultraviolet
radiation, salt spray, and temperatures fluctuation.#

R R R R R
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:

Fig. 61 SILICONE STRUCTURE

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

Silicone compounds, added to paintg in small amounts, improve flow
properties during application.

Binders, like structural and adhesive polymers, have been made in
endless variety. There is much a chemist can do to “play around” with
various systems. Accordingly, only a general outline can be given here.
Ths various coabing rszins discuszad in the prsecsding paragraphy hopofully
will provide the engineer with an appreciation of the variety of organic
coatingd at his or her digpodal to protect metals from corrosion.

8.6 Non - Traditional Coating Systems. Organic coating systems uging a
binder digsolved in an organic sgolvent, to which pigments, driers, and
other ingredients are added, are traditional coating gystems., The problem
with traditional coatings is that they agsume the user is at liberty to
use the atmogphere ag a dumping ground for organic solvents which, once

¥ A Guide to Silicone Coatings for Metal Products, Metal
Finishing, June 1982, Page 49.
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evaporated, serve no further purpose. Today, there are laws in every
state regtricting volatile organic component (VOC) emissions resulting
from surface coating operations.

Non - traditional coating systems are those that zeek to eliminate (or
greatly reduce) organic golvents, to comply with air pollution
regulatione. Thede systems include:

1. High Solids coatings
2. Waterborne coatings (including electrophoretic systemd)
3. DPowder ¢datingd.

8.6.1 High Solidg Coatings seek to meet VOC regulations by using no more
organic golvents than are allowed for a given type of coating.

Meeting VOC regulations via solvent level reduction is difficult. 1If
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 means approximately 50% solids. By
comparigon, traditional coatings contain 25 - 30% sgolids.

Binders ugsed in coatingg are vizcous, if not outright solid. The need
to reduce viscogsity so the usger can apply a high qualily coating, 1s the
reagson solvents were used at traditional levels in the first place.
Referring to Figure 62%, the viscogity of a polymer solution increases
with the percentage of solid¢ and the molecular weight of the dissolved
solid polymer. Note that viscosity greatly increases when going from 25
to 60% solids.,

Generally, high golida content may be attained by using a low
molecular waight binder material, or by heating the coating material A
before application to reduce vigscogity. 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 enamelg to 100 - 120F (38 - 49C) to lower the
vigcosity before dgpraying. 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 rewriiten to
gpecify reduced VOC formulations. MIL-C-46168D, types III and IV,
restrict VOC's to 3.5 lbs. per gallon (420 gram/liter).

Some coating manufacturers and users have attempted to meet federal
and gtate air quality requiremente by uging non-photochemically reactive
solventg. An example of guch a solvent is 1,1,1 Trichloroethane. Thisg
golvent, however, ig expendive, and it is possible that chlorinated
dolvente may not be permitted in the future because of other ecological
effects. MIL-C-46168D, type III, allows chlorinated "compliance” solvent.
Type IV does not allow these golvents,

*

Paul, Swaraj, Surface Coating: Science and Technology, Wiley-
Interscience, New York, 1985, page 704, .
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{EE A gubcategory of the high-solids approach is radiation cured coatings. t

The idea here is to use low molecular weight monomers or oligomers (low .
mol. wt. polymer) that are liquid at normal temperatures, and are not too
viscouz, This eliminates the need for solvents during application. The
coating material is applied to the surface being coaiaed, and irradiated
with ultraviolet radiaticn. The moleculeg then link together and form a
cured cecating film. Radiation curing suifers the disadvantage of

‘ requiring ultraviolet access to all areas of the part being coated. Also,
ths radiation has to penetrate the entire thickness of the coating.
Nonethelegs, radiation curing may well offer advantages ag VOC regulations

- are progredsively tightened.

W TR

‘ B8.6.2 Waterborne Coatingd uge water ag the sole thinner, or the major
component of an overall thinning system containing some organic solvent.
Waterborne systems eliminate, or greatly reduce, VOC emissiong., The result
ig freedom from air quality compliance hasgles, and reduced fire hazards.

There are two wayg a pigment/binder system can be thinned by water:

as a dispergion or ag a golution. A dispersion-type waterborne coating |
gystem congists of very small particles of resin and pigment disperged 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
predervatives. When applied to a surface, the water evaporates. The

&
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gtyrene-butadiene particles then coalesce, along with “he pigment
particlesa, to form the paint film,

Today, latex paints use other rezinsg, notably vinyl acetate-basged
polymers, and acrylic resing., The latter ars ugsed in the best latex
paints. Latex systems offer advantages for architectural painting. They
do no% emit noxious vapors, nor create fire hazarda. Water cleans up
accidental spills. An important advantage of dispersiong is that
vigcogity is independeat of the molecular weight of the dispersed resin
particles. A disadvantage of dispersion-type waterborne coatings is lack
of inherent freeze-thaw stability.

Solution-type waterborne coatings use resing modified to make them
water soluble. The clagsical technique ig to adduct a resin with an
acidic molecule, or formulate a resin with acid groupg (-COOH) in its
gtructure. The redin is subgequently reacted with ammonia or an amine to
form a water-goluble salt. The ammonia or amine evaporates when the paint
dries. The depogited resin may be a cross-linking type which ig baked to
develop the degired film properties. Many systems of this type use water
-ipigeible organic liquide to act as co-solvents to reduce application
viscosity. A coating system of this type is actually a high-solids
organic-golvent coating formulated so as to be water-reducible. The
percentage of solids without the water determines whether the material
complies with applicable state and federal VOC regulations. A numbsr of
resing can be made water-soluble, including alkyds, acrylics, polyesters,
and epoxies.

Early gencration waterborne industrial coatings suffered a number of
disadvantages, such as flash rusting of steel surfaced, limited gstorage
life, and reduced performance compared with traditional coating materials.
These problemg have been reduced with third-and later-generation
wataerborne coatings.

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 thig is not convenient for armored vehiclesg with their
large thermal inertia. There are waterborne epoxy primers (i.e.,
MIL~-P~-53030)} which, though requiring organic co-golvent, meet VOC
regulations not more siringent than 2.8 lbs. VOC per gallon.

A word i8 in order ahout VOC limits, An air-drying coating is legally
deiined as requiring temperatures no higher than 104F {(90C) 4o dovclop the
degired film properties. Coatings requiring higher temperatures are
legally defined ag baking enamelsy, The latter have lower lagal VOC limits
than the former. In California, the legal VOC limits are 2.8 1lb/gal (336
dram/liter) for air-drying coatingg, and only 2.3 1lb/gal (276 gram/liter)
for baking enamels. The latter means 69% solids., Meeting this stringent
a VOO limit is problematical, unlegs water or some acceptable
non-photochemically reactive solvent can be used to thin the material to a S
reagonable application viscosgity. \

8.6.3 Powder Coatingsg are 100% gsolid. These coatings have found an
increasing number of applications in recent years because of federal and
state VOC regulations. Powder coatings have other advantages besides VOC
compliance, Their non-uge of solventg means one doea not have to allow
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{for solvent vapors when baking article to cure the coating. Powders,
unlike solvent-borne coatingg, do not generate messy sludges to cause
waste~disposal problems. Powder transfer efficiency (percentage of
material that ends up on the article being coated) is as high as 95%.
Powder that fails to reach its target is often reusable. A variety of
items have been succesgsfully powder coated, including the following:

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

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

Coil gprings

Wheels

Underhood components .
Chaggis components; i.e., axle casgingd ]

O O ©C O

Powder coatings have been ugsed as intermediate or "primer-surfacer’
coats for small trucks and recreativnal vehicles.* The powder is applied
over a cathodic E-coat primer, This provides a smooth surfzce for the
final topcoat, which ig a high-golids acrylic enamel.

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

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

Digsadvantages of powder coatings are as follows: Firgt, they have to
be baked at Yemperatures ranging from 250 to 350F** (121 to 177C). This
would be a problem for armored vehicles, or for materials not able %o
withgtand the temperature. Second, if powder is applied by electrostatic
gpray, there may be a problem with sharp internal corners because of
‘Faraday cage” shielding effects.

Powder coating materials are thermoplastic or thermosetting. The
former include plastic materials guch as polyethylene, polypropylene,
nylon, and polyvinylchloride. Thermoplastic powder coatings do not !
compete with liquid coatings. They are used in applications requiring a
thick layer, i.e., 5 to 40 mils., (0.127 to 1.016 mm).

:
|
|
?
|

o

#  Metal Finishing, February 1987. {

#%* The coatings application engineer may use hizher temperatures to \
shorten baking time. '
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Thermogetting powders are the materials uged in applications such as those 638
described above. The following resins are usged in thermosetting powders: |

o Epoxy

o Thermosetting polyesters:
-urethane - polyester ;
-triglycidyl isocyanurate (TGIC) - polyester |
-epoxy - polyeater hybrid 1

0 Acrylic
~usually urethape-linked. -

Epoxy powders are the workhorse of ihe powder coating industry. They <
offer good adhegion and corrosion protection. Unfortunately epoxy powder
coatingg, like other epoxy materials, cannot withstand ultraviolet
radiation. Therefore, they are not recommended for exterior topcoatings.
Thermosetting acrylic powders have been uged in applicationg that
previously used liquid acrylics., Acrylic powders have been used ag
automotive topcoats in Japan. |
One can uge thermosetting polyester powders to powder-coat aluminum !
wheelg.* The mogt succegsful polyester for thig purpode ig cured with a
cyclicized igocyanate called triglycidyl isgocyanurate, or TGIC.
TGIC-polyedter is a.go the powder material of choice for architectural
purposes, as it can withgtand external exposure very well.
Fluidized beds and electrostatic spray gung are the most common
methods of applying powd.ir coatings. The former lendsg itself to automated
production-line coating \see Figure 63x%), while the latter approach isg

begt for large items. ey

8.7 Electrodepogited Polymer Coatinga. 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
1-coat finishes which are gufficient for gome applications, but is most
famoug ag a method for applying primer coatings to motur vehicle bodies,

Electrodepogition is a dip, or immersion process, whereby the object
being coated is immersed in a liquid medium. The process resembles
electroplating, in that a current of electricity depogits coating material
from the medium onto the gurface of the object. The surface need not
necesgsarily be metal, but it must conduct electricity for the process to
work,

Unlike nickel, chromium, and other metals, electrodeposited polymers
do not conduct electricity. Accordingly, E-coat is a self-limiting

¥ Weggon, J., Colorful Future For Aluminum Wheels, page 54, Products
Finighing, December 1986.

%%  Uger’d Guide to Powder Coating, Association for Finishing Procesgses
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 forms to & certain thickness, its insulating nature
curtails further growth. As a regult, E-coat primers seek out all areas
of an item, including nooks, crevices, and boxed-in areas that gpray-type
primers often miss.

E-coat materials 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

o Applicability to automated production lines

o Rapid deposition of material, simultaneoudgly over the entire
surface beiag coated. Filmg deposited in 1 to 2 minutes.

o Uniform build, with no runs, sags, or beads.

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

The first 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 industry uses cathodic E-coat primers, which deposit
on the cathode (see fig. 64b). Cathodic materials have proven superior to
anodic materials in corrosion protection. The reason anodic E-coat
primers were used in the first place was because they are a logical
extengion of classical water-goluble regin 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-goluble galt. When a polymeric substance of the type R-COOH isg

96

o B . S . B T o




Wﬁ'&&lﬂm St A s Fduadandt S Ol R B Zoa I T D 0 D0 W SO A OO A SO OO X N AL AT NG AN AL ADAL AN L0 s W

1 T @

RESIN MACRO-ION
NEGATLVELY CHARGED

onHT
CATHODE
'y & gt
€

v

OBJECT BEING Z{
S ABEING LpoSITIVELY CHARGED

SOLUBILIZER ION
Fig. 64a. ANODIC ELECTRODEPOSITION

S
L\
t
YT © Wy T RSO OR  C  WOW IO ICCPIFT

A
ANODE
l
! \
OBJECT BEING \\—'NECATIVELY CHARGED S
E-COATED .30LUBILIZER IONS _—
Fig. 64b. CATHODIC E-COAT
digpersed in water made alkaline with ammonia (NH3) or an amine
(NR'Hz2), this is what happens:
R-COOH + NHz, NR'Hz (aq) ----- > RCOO- + NH4*, NR'Hs* (aq).
The polymeric macro-ionsg, KC00-, behave iike any other negatively charged
ion or particle, migrating toward the anode in an electrochemical cell.
When they reach the anode, the RC00- ions participate in these reactions: .

H20 ----> 1/202 + 2H* + 2e~
RCOO- + H* ----> R-COOH
The macroions, thug neutralized, coagulate and form the coating. Thisg is
the process first used in the early 1960's by the Ford Motor Company when

they pioneered electrophoretic primer deposition for motor vehicle bodies.
Other manufacturers also adopted this process.
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Early anodic E-coat materials demonstrated the ability of
electrophoregis 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
materialg. Chemists later developed better materials, and
electrodeposition of polymers found increased application and sales volume
during the 1960's. Later-generation anodic E-coats were better than the
first such matverials.

Unfortunately, all anodic E-coat materialg suffer from basic
limitationg. Anytime one makes a metal object the anode in an
“ electrochemical cell, gdome metal ig going to be dissolved. The metal ions

are then incorporated into the coating film as oxides, or ag compounds
with the polymer. Also, the polymer R-COOH tends to be acidic, and this
1 ig not good for corrosion registance.

Accordingly, R & D organizations sought methods of modifying polymers
to form pogitive macroions in aqueous solution, 3o the item being coated
could be made the cathode instead of the anode. The classical technique
for accomplishing this is to graft an amine-type molecule onto the polymer
structure, forming a macro-amine with the general formula RiRaRxN
(gee fig. 65). When dispersed in water whose Ph is adjusted to the acid
gide (less than 7), the polymer forms pogitive macrcions:

&

RiRzRaN + HX (aq.) ----> RiRaRaNH* + X-,

where HX is an organic acid, i.e., acetic (gee Fig. 66).
- When the object to be coated ig immersed in the medium and made the
(El cathode, the polymer iong drift toward it, are neutralized, and form the
- film.

In cathodic E-coat gystems, the item being coated is not attacked by
the solution because it is held at a negative potential -- it is
cathodically protected. Advantages of cathodic E-coating over
corregponding anodic procegsges are ag follows:

0 No bare metal attack
o Phosphate coatingd not dissolved
o No metallic salte in deposited films
. o Improved corrosgion protection.
.‘ The lagt advantage is because the polymer itself ig alkaline rather

than acid, and therefore gerves ag a corrosion inhibitor,

Davelopment of polymers suitable for cathodic electrodeposition was
difficult. Early materials had poor throwing power. These problems were
golved, 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 present, two resins have been developed for cathodic E-coat
systems: epoxieg, and acrylics. The former are superior ag primers,
offering better corrosion protection than acrylic.. The latter have
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Fig. 66. FORMATION OF POSITIVELY CHARGED RESIN MACRO-1O0N 1IN
A CATHODIC E-COAT SOLUTION

guperior ultraviolet and weathering resigtance, and are therefore used as
topcoats.

The lategt development is "high build™ cathodic E-coat formulations.
Thege develop coating films approximately 30 microng (1.2 mils.) thick,

99

L. a s = 4% o% £ % A ® O®T B & 4 & & & w g4 txwosoe § ow o C = oy o oooms weTEy



ol i etad e U SR AL AL S S ) U A AR AN B TR L o X W AN MR CTUS WS RN AL A B

rather than the 15 microns (0.6 mils.) characteristic of the first
cathodic E-coat materialsg.*

Electrodeposited polymers have to be baked, because they rely on
cross-linking to develop their properties. Anodic resing employ
melamine-based cross-linkers, while cathodic regins use a blocked
igocyanate (urethane) crogsg-linking mechanism. When baked, the igocyanate
unblocks, crogs-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 as to provide a variety of
colors.

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

e T T TR T T D T RN TN T ST YR

Digadvantages of E-Coat Systems. While cathodic electrodeposition has
much to offer, it also hag disadvantages, which mey be summarized as
follows: .

High capital cost

Limited film thickness
Limited to conductive objacts
Not easy to change colors

VOC not zero

Deposited films require baking l

[« = 2NN < I o I = B e}

The high capital cost ariseg from the large tanks and complicated
systems required. Cathodic E-coating requires careful control of bath
chemigtry, and sophisticated ultrafiltration systems to achieve the high
materialg utilization efficiency theoretically possible with this system.
Accordingly, E-coat systems are economically justified only where there is
a large number of items to be coated. In compensation, E-coat systems
are not gengsitive to changes in item shape or configuration. Provided the
tank is big enough, one can uge %the system for “jeeps® or 5 ton trucks.

Limited film thickness ariges from the self-limiting nature of polymer
electrodepogition. Today's high-build E-coat primers depogit 1.2 mils.
(30 microng). This enables automotive manufacturers to eliminate the
gsurfacer coat from body finishing operations,.

Nonethelesgs, electrodeposition ig pretty much limited to about 1.5
milg. This ig one reason why spraying is employed for the basecoat and
clearcoat layers of high-performance finigshing systems, after
electrodeposition hag applied the primer,

The requirement for electrical conductivity means non-metallic (i.e.,
plastics, fiber-reinforced compositeg) items cannot be painted by
electrodepogition, unlegs the gurface ig made conductive.

¥ Loop, Federich M., High Film Build Cathodic Electrodepogition Provides
Improved Corrogion Protection. SAE paper 831013, in SAE Special
Publication P-136, page 35.
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APPLICATION DATA

MATERIAL NAME:

SUPPLY CODE:

DESCRIPTION:

SURSTRATES::

PRETREATMENT:

COLOR:
GLOSS:
FILM THICKNESS:

HARDNESS :
COATING VOLTAGE:

ELECTRICAL EFFICIENCY:

BAKE CYCLE:
VoG :

COVERAGE:
HEAVY METAL CONTERT:

Fig. 67. A TYPICAL CATHODIC E-COAT MATERIAL

PCWERCRON® 600
P600-611 -

Gray Cationic Epoxy Electrocoat

.,
S WA e

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.2 Per Gallon of Feed

None
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OPERATING PARAMETERS

GRAY POWERCRON® 600 P600-611

SOLIDS: 10.0 - 20.0 £ 1% (105° ¢)
P/B RATIO: 0.30 £+ 0.05 (Correction Factor
= 1,00)

pH: 6.15 % 0.15
CONDUCTIVITY 1000 - 1600 + 109 Microhos
SOLVENT: TQTAL: 1.0 - 3.0%

BUTYL CELLOSOLVE: 0.8 - 2.0%

DOWANOL PPH: 0.2 - 1.0%
BATH TEMPERATURE: 70 - 100° F ¢ 2° F
ANOLYTE CONDUCTIVITY: 300 - 2000 £ 100 Micromhos
DEIONIZED WATER. CONDUCTIVITY 10 Micromhos Maximum
PRE-RINSE CONDUCTIVITY: 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® 680

P60G-611
PAINT PERMEATE ANOLYTE
pH 6.0 - 6.3 5.5 - 6.8 2.5 - 3/5
CONDUCTIVITY 1086-168¢ umhos 800-12088 umhos 300-266 umhos
SOLIDS 19 - 28 % 6.2 - 0.4 % 300 - 1006 PPM
RESIN 1 8-15% 6.2 -0.4% 258 - 750 PPM
PIGMENT 2 2-5% 50 - 106 PPM 16 - 20 PPM
SOLVENT 2 1.5 - 2.5 % 8.5 - 1.5 % 6.65 - 0,1 %
SOLUBILIZER 1 8.2 ~ 8.5 % 6.1 ~6.2 3 8.2 - 0.5 %
AT
WATER 86 - 85 % 98 - 99 % 99.8 - 99,5 % -
CHROME None None None
LEAD ' None Nonie - None
PHENOL 5.8 - 10.0 PPM 1.6 - 5.8 PPM 9,10 - 1.0 PPM
BOD/COD 300,0600-500,000 PPM 10,0060-50,080 PPM 5,000-10,000 PPM )

Modified Epoxy/Polyurethane

aluninum Silicate, Carbon Black, Titanium Dioxide
Glycol Ethers

Lactic Acid

PRy XY™

Fiqure 69 A Typical Cathodic E-Coat Material

103

T - S R i N S P i o S R R P R N P N I S P R LR SR S TR Y 2 R A . VR N SN0 .




UMM U AR TUR 0N M B AN 2 S b MU A R AR S W L4 AN A A A AAZ A A LA R AT R 20 dmmmmﬁmm:a@

'

When using E-coat for the final fipish, it is not easy to change
colors because of the large inventory of material in the tank and
aggociated piping.

VOC emissions are low. However they are not zero, because E-coat
formulations use some organic components (about 1.2 1lb/gallon, or 144
gram/liter) as cosgolvents.

The need for baking is partly compensated by the fact that
electrodeposited films have low moisture levels due to a phenomenon called
electro-ogmosig. This meang 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 350F (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 designing structures so as to accommodate
the process. Acceds holes will allow the primer to find its way into
boxed-in areas. Because the part or structure ig immersed into a bath,
care should be taken to prevent entrapped air bubbles from interfering
with the deposition process.

Cathodic E-coat ag a Final Finighing Proceggs.* 1If the finishing
requirement for an item can be satigfied 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 isg 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-coat
enamel. The enamel is baked for 30 minutes at 360F. The result is a high
quality finish whose ultraviolet resistance is excellent, and whose salt
gpray 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 Depogition--The Next Wave?** Just as there is
‘electroless” nickel, there is likewise an "electroless” polymer
depogition procegs. Like anodic and cathodic E-coat, autodeposition is a
waterborne, dip-type process., At the time this was written, autophoretic
depogition works only with ferrousg metals.

The chemigiry of autodepogition (AD) represents a fudion of
phosphating/chromating, and latex paint technology. In fact, the
corporation that commercialized this processg, Amchem Products, Inc., ig a
leading manufacturer of metal pretreatment systems. The polymer material
is disposed as a latex-type dispersion, along with pigments, in water
containing hydrofluoric acid and hydrogen peroxide. The acid and oxidizer

#* Jozwaik, E.L., Cationic Acrylicg: Electrodepogition's Topcoats., SAE
paper 862019, in SAE page 188.
¥*  Holyk, Nestor M. and Thomas C. Jonesg, Autodeposgition of Organic

Filmg--Some Unique Applications., SAE paper 862020, in SAE Special
Publication P-188.
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etch the gurface in a manner gimilar to what kappens in a phogphate or §§§
chromate pretreatment. Because autodeposition depends on this etching
action, items to be coated are not phosphated beforehand, as they are with
other organic coatings (including electrodeposition).
The ferric ionsg formed by this controlled attack, react with the
nearby latex particles and cause the latter to deposit on the surface.
The film forms in 1 to 2 minutes, and is from 0.3 to 1.0 mils. thick.
‘Autodeposition was introduced in 1975, and has progressed to Generations
II and III. Thege generations are, respectively, acrylic regin and
polyvinylidene chloride. The latter has excellent registance to moisture
permeation; latex paint formulators have been "rediscovering” this polymer !
for uge in high performance systems. A digadvantage of polyvinylidene
chloride ig limited high temperature tolerance.
As of thig writing, black is the only color available in AD systems.
Autodepogition offerg a number of advantages:

© No electric power required
High throwing power
o No VOC

o

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

AD does not uge organic co-golvents, because it ig based on latex
technology, rather than water-soluble resing. This eliminates VOC
emiggion problems that, in the future, could arise with water-reducible
coatings that use organic solvents to aid polymer solvation.

The filmg deposited by AD offer 168 to 336 houra salt spray
registance. The coating systems engineer may specify a topcoat for
additional protection.

Applications. Autodeposition has been uged to coat automotive
components, guch ag sudpengion arms based on hollow sectiong, jack
aggemblies, and belt puileys. One menufacturer hag used AD to treat
compact car frames.#

€

8.9 Special Coating for Fagteners.

Why gpecial fagtener coating are necessary. A threaded fastener cannot
be protected by a coating gystem such ag G-90 thickness galvanizing,
followed by 0.8 - 1,3 milg. of cathodic E-coat, followed by another 1.8
milg., of CARC. Such a thick coating system would interfere with threads.

* Metal Finishing, October 1983, page 77. - gg&
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Accordingly, fasteners in corrosive environments require high-performance
coatings capable of providing adequate protection with no more than 0.8 to
1.3 milg. total thickness.

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

o Itg correcsion products are legs voluminous than these of zinc

o Cadmium has a low coefficient of friction, which ig desirable
in a threaded fagtener coating.

o Cadmium offers superior corrogion registance in humid and marine
environments (zinc, however, is superior in industrial
environments) .

Electrodeposited cadmium is zpecified under QQ-P-416E, which calls out
thicknesg, supplementary chromate and phosphate conversion coatings, and
post-plating baking to¢ relieve hydrogen embrittlement. QQ-P-416, type II,
clags 3 calls out 0.0002 inches (minimum) thicknass, with supplementary
chromate treatment., This coating specification hag been uged for small
fasteners.

High strength 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 Rc-40. The
baking must be done ag goon ag posgible after plating, and should last
long enough (at least geveral hours) to assure that the hydrogen will be
redigtributed* to the extent needed to reduce embrittilement. For very
high gtrength fasteners or others parts, it is begt to uge
non-electrolytic processes such as peen-plating, or vacuum-deposited
cadmium,

Cadmium has geveral disadvantages ag a protective coating for
fasteners. It ig more expensive than zinc, melts at a relatively low
temperature (320.9C -vg- 419.5C for zinc), and is prone to attack by
organic vapors. The golutions used in cadmium electroplating create toxic
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, no» on any component that comeg into contact with
titanium.

For small fasteners cadmium plating, with good quality control
(particularly regarding adequate minimum thickness), is advantageous.
Cadmium plating on rivets has proven its ability to reduce galvanic

¥ Hz does not readily diffuse out of a part, Lecause the cadmium
acts ag a barrier.
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corrogion of aluminum sheet, which otherwige occurs with uncoated steel
fagteners. * @

8.9.2 Ceramic-Metallic Coatings. This family of coating systems is
commercially available. Ore corporation markets these products under the
trade names Sermaguard and Sermatel.(R)## Ceramic-metallic coatings
congigt of aluminum particles, plus phosphates and chromates in a
water-based slurry. When the glurry ig applied to a surface and baked,
the cured coating film congists of aluminum pigment in a ceramic matrix,
The aluminum particles add strength to the film, and also offer *
gacrificial protection to steel articles.
Ceramic-metallic fastener coatings are applied to fastenerg by
dip-gpinning. This process can treat large numbers of fasteners g
gimultaneougly, thug reducing applications costs relative to coating each
part separately. The coating must be cured at approximately 300C (572F).
The cured coating doeg not conduct electricity, despite the aluminum
pigmentation, unless burnighed (lightly abraded) with alumina grit. The
dip-spin/cure cycle, repsated twice, produces coatings up to 20 microns,
or 0.8 mile,, thick., A fastener coated with 0.8 mils. of ceramic-metallic
coating can withgtand 400 hours of salt spray per ASTM B1l17. The coating

possedses a torque coefficient of 0.45 - .55. A wax coating applied after
curing and burnishing will reduce the torque coefficient to 0.12 -
0.15.%%x

The degign engineer must remember that ceramic-metallic fagtener
coatings are not identical to the ceramic-metallic coatings applied to gasg
turbine bladed.

B8.9.3 FPluorocarbon Coatings.**x%  "Fastener - Clags® fluorocarbon
coatings offer several advantages. They offer good lubricity, enabling
the fagtener engineer %o eagily calculate the torque necedgary for a given
bolt tension. Unlike electroplated cadmium, fluorocarbon coatingsg applied
by the dip-gpin process do not create environmental problems, nor do they
cauge hydrogen embrittlement of high strength bolts. Fluorocarbon-type )
coatings can be applied over a zinc phosphate base, or over
ceramic-metallic coatingsg, or over a zinc-rich primer.

A high-performance Sermaguard-type coating system for fasteners .

-

consists of & %o couatl ceramic/metaliic bzse, and a fiuorocarbon -

¢

WS

¥ Howard, R.M., and S.P. Sunday, The Corrogion Performance of Steel
Self-Piercing Rivets When Used With Aluminum Componentsg. SAE
Report #831816, in SAE Special Publication P-136.

% ¥ Registered Tradenames of products marketed by Sermatech -
International,Inc. .
% X% Mosger, Mark F. and B.G. McMordie, Evaluation of Aluminum/Ceramic

Coatings on Fasteners to Eliminate Galvanic Corrosion. SAE Paper
#860112, in SAE Special Publication SP-649.

L33 Willis, David P.,, Jr., Engineered Coatings for Fagteners, Page 42,
May 1987, Products Finishing.
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modified siliceone topcoat. Thig gsystem, with a total thickness of 1.3
mils., provides approximately 1000 hours salt gpray resistance. This
means adequate protection from atmogpheric corrogion for the fastener. In
addition, the parts being joined, if made from aluminum, are insulated
from the galvanic corrosiv~ influence of the fagstener material.

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

T PRI TETATE I San o Y Ve

8.9.4 Phosphate/0il Coatings.* Zinc phogphate may serve as a base for
fastener-clasg fluorocarbon coitings. 1In this case, the phosphate is of
the microcrystalline type, with a coating weight of 200-300 mg. per square
foot.

Phosphate/oil coating systems consist of a heavy zinc phosphate layer
impregnated with a polymeric oil emulsion. .The o0il emulsgion contains a
proprietary polymer which fills the network created by the phosphate
coating. Thig process provides at least 168 hours of sgalt spray
registance, as required by General Motors Specification GM 6035 M. In one
test of a phosphate/oil system, a number of parts showed 0.1 percent rust
after 400 hours salt spray.

For military vehicleg, it ig doubtful that phosphate/oil coatings
would be adequate for fasteners exposed to severely corrcsive conditions.
Since the Environmental Protection Agency (EPA) frowns on cadmium, the
best bet for gtructural fasteners exposed tc gevere conditions is
ceramic-metallic coating with fluorocarbon/silicone topcoat. 1Irf a
fastener ig not exposed to highly corrosive conditions, a good
phosphate/polymeric oil system may be acceptable.

Other fagtener coatings include nickei plating (for brass fasteners)
and ion vapor deposited aluminum. Electrophoretic epoxy coatings are
another coating option for fasteners, if the process does not introduce
hydrogen embrittlement. High-strength fasteners may be electroplated with
a low embrittlement, cadmium-titanium process in accordance with
MIL-STP-1500.

b v onp 2 dder Sn D D~ e -4
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8.10 Temporary and Supplementary Corrogion - Preventive Agentd. A number
oi oils, greases, soivent-thinned compounds, and petrolatum-type materials
have been devised as temporary corrozion-preventive coatings or
preservatives,

The Department of Defense and its varied branchesg have issued numerous
specifications to govern procurement of corrosion-preventive agents for
aircraft engines, food handling equipment, machine componentsg, small arms,
artillery, ordnance itemg (i.e., mechanical time fuses), and so forth.

Willis, David P. Jr.. Op Cit. See also Roberts, J., Meeting
GM6035M, Products Finighing, May 1987., and Smith, Noel A.,
Advancements in Phogphate and Q0il Coatings, TAE Paper 831836, in
SAE SP-136.
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Many of these are identical to lubricating oils and greases, except for @
addition of corrosion inhibitors. Some are film-formers, leaving behind

films of a gpecified hardness and thickness which act as barriers against
corrosive environments. Film-forming agents include petrolatum, waxes,
and agphaltic golids. These materials may be cutback (thinned) with
golvents for ease of application.

Filmg formed by temporary protective agents typically are softer than
the organic coatings that have been discussed up to this 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 gteam cleaning, when an item ig to be put to uge.

Temporary coatings baged on plastics or rubber are degigned so that,
when they are no longer needed, the user can peel them off.

Qils may contain water displacing or fingerprint removing compounds.
These oilsg are intended to protect items from corrosives characteristic of
fingerprint oils, and otherwise to protect metal surfaces for limited
periods of time. :

Some of the many military specifications for temporary and
supplementary corrosion-preventive agents wre 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 (Preservation, Methods of). There are four materials called
out under MIL-C-11796: Classes 1, 1A, 2, and 3. Classes 1 and 14 are
regular and non-glick (i.e., will not leave an oil glick on salt water),
hard-film materials intended for protection of gun tubes and gimilar items
3tored outdoors. Classes 1 and 1A withstand outdoor exposure, and are
algo useful for protecting items with highly finished surfaces when stored
indoors. Clags 2 ig a medium-hardneds material for pregervation of items
stored outdoors in moderate climates (temperature at metal surface not to
exceed 145F). It ig also intended for packaging of automotive parts under
conditions when the Clags 3 imaterial ig too soft. Class 3 ig intended for
preservation of bearings and other items requiring ease of application and
removal at normal temperatures.

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

¢ )

8.10.2 MIL-C-4008B4B calls for a water-emulsifiable, oil-type corrogion ’
preventive compound. It consgists of mineral oil with corrosion

inhibitors. This material eliminates fire hazards associated with

golvent-thinned corrosion-preventive agents. It forms a goft, thin film,

offering besi regults when applied to zinc-phosphated surfaces. The usger

may apply this material by dipping, spraying, or brushing.

8.10.5 MIL-C-15074D calls for a corrosion-preventive fingerprint remover
congisting of golvents and inhibitorg., It ig intended for removing
fingerprint regidues and duppressgion of corrosion cauged by same.
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8.10.4 VV-L-800C calls for a general purpoze, water displacing,
preservative lubricating oil. This material ig intended for lubrication
and protection against corrogion of small arms, automatic weapons, and
other items that require a general-purpose, water displacing, low
temperature presdervative oil.

:
:
8.10.5 MIL-C-16173D callg out a group of five cold-application, sclvent g
cutback corrogion preventive compounds, Grades 1 through 5. Grade 1l ig a

hard film (175F minimum flow point) material, Grade 2 is a goft film

material, Grade J ig a goft film, water-digplacing compound, Grade 4 !
produces a transgparent, non-tacky film and Grade 5 specifieg a material go

formulated as to be removable with low pressure steam. Application is by

brushing, dipping, or gpraying at normal room temperatureg. The uge of

organic solvent for thinning is disadvantageous from the gtandpoint of air

quality and fire hazards. E

8.10.6 MIL-L-21260C is a preservative and break-in oil for internal
combugtion engines, available ag SAE 10W, 30W, and 50W (NATO codes C~640,
C-642, C-644). Use of this pregervative oil is called for in various
procedureg (i.e., MIL-C-10062E) for preparing engines for storage and
shipment o prevent internal corrosgion.

8.10.7 MIL-P-46002B is a pregervative oil formulated with a volatile
corrogion inhibitor, intended for protection of closed systems.

8.10.8 MIL-G-10924D (Greage, Automotive and Artilldry) is a ]
long-standing military specification for a multipurpose grease, intended {
for lubrication and gurface corrogion protection of automotive and
artillery equipment. It corresponds to National Lubricating Grease
Institute No. 2 consistency, and ig usable in applicationg requiring a 1
greage of ithat consistency with rust-preventive properties. f

8.11 Automotive Rustproofing Agents. Automotive rustproofing agents
are applied to sheet metal and structural members of already-agsembled
vehicleg for gsupplementary corrogion protection. They are relsted to
petrolatums and golvent-cutback corrosion preventive compounds such as
thoge dedcribed above.

A corrogsion-inhibiting material intended for pcst-assembly application
ghould be formulated go ag to be applicable by gpraying. It should
penetrate into creviced where corrogion often sztarts, provide uniform
coverage, and develop a film which remaing #lightly "tacky®, so as not to
flake away from the surface being protected. The protective film should
remain flexible, neither becoming brittle nor excesgively 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 digplaces moisture from the surface,

XY o mmy emyy
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The current military gpecification for automotive rustproofing &E& !
compounds is MIL-C-62218A, which calls out two solvent-digpersed, :
corrogion-preventive compounds. Type I isg for new motor vehicles and
trailers, while type II is for fielded equipment

MIL-C~82218A does not specify an exact material, saying only that it
shall be a nonvolatile base material dispersed in a petroleum solvent.
The latter must be free of benzene and halogenated hydrocarbons. l

When sprayed on a vertical surface, Type I must form a dry film not i
legg than 6 mils., and must not sag when wet. Type II must form a film ‘
8+/-2 milg. thick, and, like Type I, must not gag. When tested in i
accordance with specified procedures, both typeg must exhibit 0.25 inches 3
(6,35 mm) or more of creep. Type II must be able to creep when tested on i
mildly corroded test panels.

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

The material must be applicable by gpraying 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 must inhibit corrosion of test panels subjected to
salt fog atmospheres, Type II must inhibit further corrogion when applied
to pre-corroded test panelg. Types I and II must also inhibit corrogion
of panels immersed in salt water, and when test panels are exposed to
cyclic environmental conditions.

Ingredients in commercial rugstproofing agente vary, and tend %o be
proprietary. A typical rustproofing agent consists of mineral oil,
petrolatum, alkyl stearate, aluminum stearate, and fatty material cut back -
with a mineral solvent. Commercial rugtproofers apply this material by v 4
spraying, uging licensed application tools and methods.

For military vehicles, MIL-R-46184C calls out application toolg and
procedures for applying rustproofing materials.

Temporary and supplementary corrosion-preventive agents are not a
replacement for good degign practices, galvanizing, and well-engineered
organic protection sygtemg, They do have their place in management of
Army materiel. Solvent-removable, corrogion-inhibiting materials can
prevent deterioration of otherwige vulnerable items gtored in warehousges
or outdoors, or during trangportation. A field or depot commander might
want to uge. rugtproofing serviceg to halt corrogion in vehicles already
fielded, for supplementary corrosirn orotection in severe environments, or
to protect equipment not originally designed with corrosion pravention in
mind. h

In 1981, the U.S. Army Tank-Automotive Command announced a new policy
with regard to procurement of future tactical vehicles. The policy
gtated, in effect, that guch vehicleg were to be ianherently rust free for
total service 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 satigfactory long-term result from commercial
or mil-spec rugtproofing. 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 process also involves health, safety, and fire
hazardg. Finally, rustproofing requires periodic inspection, maintenance,
and touch-up.

Studies conducted by the U.S. 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 corrosion without
supplementary rustproofing agents.

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

Graphite is cathodic to all metals, exept gold and platinum. In the
past, graphite has been used in solid-film lubricants such as MIL-L-8937.
MIL-L-46010B calls out graphite-free, corrosion-inhibiting, bonded

golid film lubricants. Type I is cured at 150C (302F), while Type II
requires 204C (about 400F) for curing. Both types, when applied to
properly prepared surfaced 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) thickness, protect against
corrogion for up to two years in outdoor storage, or four years in indoor
storage. A 1-mil coating provides up to 4 years corrogicn protection in
outdoor storage.

Applications include lubrication under conditions where oils and
greages are difficult to apply or retain, mechanisms operated infrequently
or “lubricated for life’, or bearings involving sliding motion.
MIL-L-460108 solid lubricants are not recommended when the material cannot
tolerate the required curing cycle, nor for rolling element bearings, nor
for equipment handling oxygen (esgpecially liquid oxygen).

MIL-L-~-46010B solid film lubricants must be used within 1 year after
the date of manufacture. They are suitable for aluminum, copper,
magnegium, steels, titanium, stainless steels, and alloy systems baged on
the aforementioned metals. The appendix to MIL-L-46010B provides
inrtructions for applying these lubricantsg to varioug materials.

8.13 Rust Converters and Rusted Surface Coating.

Rust Converterg (also known ag rust transformers) are surface
pretreating agents (or pretreatment/primers) intended for application to
rusted surfaceg. The bagic claim made for these preparations ig that they
trangform rust to a form that can serve as a base for subsequent organic
coating.

The most promiging type of rust transformer is based on tannic acid, a
complex organic acid derived from various formg of vegetation. A typical
rugt converter consists of tannic acid, hypophosphorous acid, and
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isopropyl alcohol.* When this preparation acts on a rusted ferrous

gurface, the rust is converted to a ferric salt, which in turn reacts with @§9

the tannic acid to form an organometallic iron tannate. Thig is a more ¥

satisfactory paint base than ordinary rust. }
A number of tannic acid-baged rust converters have been scld under ‘

such tradenames as Cortex 420, Neutra Rust, Extend, RCP, and Chesterton

Rust Transformer. Some of these products combine the tannic acid rust

converter with a latex-type primer. When one applies this combination to

a rusted ferrous gurface, the result will be a primed surface that can be

topcoated after 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 i
given time to react and dry, after which the surface is ready for priming "
and topcoating.
A number of commercial rust converters were tested in Puerto Rico
under the direction of the Army Material Command.*% Basged on the results
of 1 year of testing, the team conducting the test judged only two
preparations to be worth further study. Generally, painting over rusted &
gurfaces i8 not recommended. If rust trangformers are to be used, they :f
should be the type with out a built-in latex primer. The technician
should brush away loose rust, clean and dry the surface, and then apply
the rust converter.
After the rust converter reacts and drieg, the converted surface
ghould then be primed with a properly formulated primer. The primer
should be based on a low vigcosity binder such as fish-oil alkyd.x#*% The
golvents should be glow-evaporating, so the viscogity of the whole primer —
will remain low until it penetrates through the neutralized rusgt layer. Sy
One of the advantages of fish-oil for this purpose ig that its own
viscogity ig low; furthermore, it is dlow drying, therefore a
slow-evaporating solvent can be used with it.*x»** 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 rust to the substrate. ﬁ
After the rust layer has been neutralized and primed, one may then .
apply a supplementary primer and topcoat.

~T
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8.14 Waler-Digplacing Touch-Up Paint. The U.S. Navy has developed a
water-displacing, touchup paint that can be applied to bare metal

¥ Information provided by Mr. J. Menke, AMCCOM, Rock Island. ¢

L3 Warshawsky, I., memorandum to Director, TATD (AMSTA-R), 21 Feb. ]
1986, on trip to Puerto Rico National Guard, 10 - 13 Feb. 1986.

k%% A rusty metal primer commonly sold in hardware stores uses a fish-
oil alkyd binder. This is claimed to penetrate through a rust
layer, surrounding rust particles, to reach the substrate.

x%%%  Wicks, Z.W., Jr., Principles of Formulating Corrogion Protective
Coatings, p.29, in Corrogion Control by Coatings, H. Leidheiser,
Jr., editor. Science Press, Princeton, 1979.
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surfaces fer temporary protection against corrosion. The original purpose
of this coating material is prevention of corrosion of carrier-based
aircraft in areas where their regular organic coatings are chipped or
cracked. This product was developed at the U.S. Navy Aeronautical
Material Laboratory (AML) and has been distributed via Department of
Defense channels under the same °Amlguard’.

Material called out under MIL-C-85054A (AS) (Corrosion Preventive
Compound, Water Displacing, Clear (Amlguard)) displaces moisture or salt
water, and leaved a clear, corrogsion-preventive filim. It is intended for
use on all metals, and its applicability from pressurized spray cans 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 regins, and non-photochemically reactive solvents.

Water-digplacing, touch up paint does not conform to CARC gtandards,
therefore, one should not gpecify it asg an original equipment
manufacturer's finigh. It could come in handy, however, for the
maintenance-conscioug field commander who wants to limit corrogion on the
surfaces of combat and tactical vehicles (or other itemsg) in locations
where the authorized paint finish hag been violated by various accidental
impacts or abrasions., The user cleans off the surface, and sprays on two
uniform coats, waiting a half-hour between the first and second coats.

E
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CHAPTER 9 '
ALUMINUM

|
Aluminum and its alloys are generally legs susceptible to corrosion |
than mild steel. There are many circumgtances where one can expose |
aluminum to the elements without the extensive corrosion (rusting) that
ferrcus metals suffer under the same conditions. Aluminum is not |
corrogion-free, however, The engineer/degigner mugt know the corrosion
characteristics of aluminum and its alloysg, and of aluminum surface
treatments and coatings. Only then can one realize the benefits of
aluminum in -engineering design.

The corrogsion of aluminum and its alloys is governed by two basic

phenomena:

1) Aluminum ig more active (less noble) than most other metals. This
meang that when in contact with ferrous metals (or, worse yet,
copper and its alloys), aluminum and ite alloys cerrode
gacrificially when an electrolyte ig presgent,

2) Aluminum forms an adherent oxide layer when exposed to air. This
layer, like the pasgive oxide layer on stainless steels, greatly
reduces uniform corrosion, characteristic of the kind one
enccunters with mild steel. Like stainless gteels, aluminum and
itg alloyg are prone to localized corrosion including pitting,
gtress-corrosion cracking, and intergranular corrosion. The
surface oxide layer on aluminum is vulnerable to aggressive ions
guch as chloride,.

9.1 Specific Corrosion Problems.

9,1.1 Galvanic and crevice corrogion. When uging aluminum alloyg in
dtructures where gteel is algo present, one must be aware of galvanic
corrosion. If there are no disgimilar metals, aluminum can still suffer
crevice corrogion. The degigner must use proper joint design techniques,
ag discusdged in Chapter 4. Usde a sealant, such as polysulfide, between
faying surfaces and around fastener's holeg. Aluminum components should
be drilled, milled, or otherwise machined, before applying protective
coating gystems. Then, apply sealing compound and fasten. For joints
requiring digsasgembly at gsome later time, use a temporary corrosion
preventive compound compatible with aluminum and the metal to which it is
fastened.

Welded construction must be treated differently, because welding heat
would burn off previougly applied coatings.

Figure 70 illugtrates the congequences of corrosion in ar improperly
congtructed aluminum joint.®¥ On the left gide, corrosion vbeiween the

¥  Aluminum, Vol. 1, Chapter 7 (Resistance to Corrosion and Stress
Corrogion). American Society for Metals, 1967. page 218
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Fig. 70. CONSEQUENCES CF 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 %o
the surfaces before fagtening. All surfaces ghould be coated, and this
definitely includes steel surfaces in contact with aluminum.* Fasteners
should be properly treated, i.e., with cadmium, or other metal plate
galvanically compatible with aluminum. Alternatively, one can uge
coatings guch as ceramic-metallic. The designer should remember that o
exfoliation (gee below) has been known to start in the vicinity of A4
fagteners, due to crevice and galvanic effects,
Aluminum hingeg on electronic equipment shelters have been known to
geize due to galvanic corrosion caused by a stainless gsteel pin¥*, Here
is another leggon in the importance of providing a suitable coating of
gome form on cathodic metals in contact with aluminum, For hinges, a
corrogion-inhibiting lubricant, compatible with both aluminum and the pin,
is aldo degirable., The pin should not fit in the hinge too tightly, lest
corrogion productg cauge jamming.
Graphite should not come into contact with aluminum. If an aluminum
component ig to be joined to a graphite fiber-reinforced composite
gtructure, they muvt be electrically igsolated from one another. (For that

¥ Painting only aluminum, when in contact with a cathodic metal, will
cause a large cathode/gmall anode situation at paint coating
defects.

X% Unruh, Kenneth S., Corrogion 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 gaivanic corrosion whenever any structural
metal is joined to graphite fiber composite material,)#
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, Stregs-Corrosion Cracking, Exfoliation.
Aluminum alloys are susceptible, in varying degrees, to intergranular
attack, stress-corrosion cracking, and exfoliation. These phenomena are
particularly troublesome in high-gtrength aluminum alloys whose
metallurgical structures contain digpersed phases.

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

Recall that with stainless steels, 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 gtrength cause depletion of copper from grain
boundaries adjacent to CulAl:z precipitates. This sensitizes the alloy to
stresg-corrogion cracking and exfoliation, because a copper-depleted grain
boundary is anodic to the microstructure as a whole.

In 5000-geries aluminum alloys, magnesium is the most important
alloying constituent. Magnesium formg 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, AlazMga forms as a
gecond phase. Thig 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, so ag to cauge a
continuous network of AlazMgz at grain boundaries, an item made from
such an alloy will be susceptible to preferential grain boundary attack.
This may lead to gtresdg-corrogion cracking or exfoliation.

9.1.3 Stregs-Corrogion Cracking (S.C.C.) has long been an important
consideration in the design of aircraft. In the Army, one is concerned
about S.C.C., in helicopters and in armored vehicles using aluminum alloy
armor, In gome cadeg, gtrength hag had to be gacrificed to attain the
desired resistance to S.C.C..

The aluminum alloy gystems prone to §.C.C. include Al-Cu (the 2000
gerieg), Al-Zn-Mg and Al-Zn-Mg-Cu (the 7000 geries), Al Mg (5000 series),
and Al-Mg-Si (6000 series). The latter two alloy systems may suffer
8.C.C. when the magnesium content ig above 3%, or when high silicon
contentg are present in the Al-Mg-Si system. The Al-Mn alloys (3000

#  Danford, M.D., and A.H. Higgins. Galvanic Coupling Between DBAC
Steel, 6061~-T6 Aluminum, Inconel 718, and Graphite-Epoxy Composite
Material: Corrogion Occurrence and Prevention. NASA Technical
Paper #2236, December 1983,
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seriec), Al-Si (4000 series), and Al-Mg (Mg content < 3%) do not &
experience stressg-corrogion cracking.

Metallurgical condition brought about by heat treatment and cold work
has a gignificant bearing on whether or not S.C.C. will occur. For i
example, alloy 7075 (a2 high-strength alloy used in aerospace applications) !
ig susceptible to S.C.C. when used in thick sections in the T6 (solution
heat treated and artificially aged) temper. The game alloy in the T73
temper (golution heat treated, followed by overaging) exhibits improved :
resigtance %o S.C.C. relative to the T6 temper, with an accompanying
gacrifice in strength. !

Sugceptibility of aluminum alloys to S.C.C. also varies with grain
orientation relative to the direction of applied tensgile stress. Refer to
Figure 71. If tensile test specimens are machined from a thick slab of
rolled high strength alloy such ag 7075-T6 or 2024-T4, specimens in which
tengile gtresg ig applied in the short transverse direction will be most
sugceptible to S.C.C. Specimeng machined so that the tensile stress is
along the long traverdge axis are legs susceptible to S.C.C.. Longitudinal
test specimeng are most resistant to stress corrosion cracking. Referring
to Figure 72%, one can see that for typical high strength alloy-temper
combinations, stress-corrogion cracking occurs at a much lower stress
level when applied in the short transverse direction than in either of the
two other major directiong. When using rolled aluminum alloys, avoid
exposing the short trangverse direction to combinations of tensile stress
and corrogive influences.

A
=
ion,
100
Fig. 71. ROLLED ALUMINUM PLATE GRAIN STRUCTURE
Thin gheet does not exhibit directionality in susceptibility to
§.C.C.. Castings are supposed to be isotropic, yet the parting plane or
geam may expose a highly §.C.C.-sugceptible transverse grain structure.
¥ Lifka, B.W., et al, Exfoliation and Stresg-Corrosion Characterigtics
of High Strength Heat Treatable Aluminum Alloy Plate. ° @38

118

T a e el A e e e MES R - B, RS G T Wy W M. M TN NGE T TN TIRC § e e gyt S




1
&W’W@"’@m'}vq"f'mw i Sl et i Shilas Miae e e 0w e JaA ABa S g -y WL T TN T B gamg

LRREHCR CRIEEY W 1 1 St AR E I A AL A G EHELER VS 1 D RO PRS0 0 S o gt At h e R St S, . b

® T075-78%1, 1378 N, THICK
A TOTR-7631, 130 . THICK
- 010 NOT FAIL
SCATTER BANDS = TOTS-T8 AND T83I PLATE, 74 TO $ M. THICK

) ‘ A
O X XK RTINS R 2 S RORAN

L M///////I//////// |

A 2Rt SHORT < TRANSVERSE s ©
s "‘5 Ot}‘c Rt N:f)'f 103 TESTS, 170 3 M, L2/}

SUSTAINED TENSION STRESS , KSI

0o 5 3 45 60 75 90 lOS l20 l35 I50 65 |&0
DAYS TO FAILURE, 3.5 % No C) ALTERNATE IMMERSION

Fig. 72. SENSITIVITY TO SCC AS A FUNCTION OF
GRAIN DIRECTION

A number of publications list corrorion and stresy-corrosion
sugceptibility of various aluminum alloy-temper combinations. The
engineer-desgigner should refer to duch publications ag ATSM G64-85
(Standard Clasgification of the Resistance to Stregs-Corrosgion Cracking of
High Strength Aluminum Alloys), Metals Handbook (Corrosion Resistance of
Aluminum and Aluminum Alloys, Vol. 2, 9th ed., pages 204-235), the SAE
Handbook (publighed annually), and MIL-STD-1568 (Materials and Processes
for Corrosion Prevention and Control in Aerospace Weapons Systems). See
algo MIL-HDBK-5E, Metallic Materials and Elements for Aerospace Vehicle
Structuresg: Thig handbook presents tables showing maximum stresses at
which test specimensg will not fail when subjected to the ASTM G47
alternate immergion stress-corrogion teat. Such stress values are not to
be uged for design calculationg, but are a useful comparison of S.C.C.
resigtance among various aluminum alloys. Published siress-corrogion
registance ratings are based on a combination of gtandardized tests and
service experience. In the SAE Handbook, a rating of A means no known
ingtance of failure in service or in laboratory tests. A "B rating is as
above, except that laboratory tests have revealed some ingtances of
failure in short trangverse gpecimens.

Specific material choice recommendations are ag follows:

0 Aluminum-magnesium alloys with more than 3% mg. should not be usged
under high constant applied gtress at temperatures in excess of
150F, becaude of the possgibility of Al-Mg precipitatesg forming a
network at grain boundarieg., Alloys such ag 5083, 5086, and 5456
ghould not be uded in the H30 deries tempers because they can
become vulnerable to §.C.C. (par., 3.1.2.3.1, MIL-HDBK-5E).
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o The U.S. Army Misgsile Command (MICOM)* does not allow 2024-T3 or
T4, or T075-T6 in new gystems under its jurisdiction, recommending
ingtead 2024 in the T8 series tempers (i.e., T851), 7075-T73, the
5000 or 6000 serieg, or 705G series. The U.S. Air Force does not
allow 7075-T6 in forgings and milled products.

o A few high strength aluminum alloys have shown excellent registance
to stresgs-corrosion cracking, even in the vulnerable short
trangverse direction. These are 2020-T651, 2024-T851, 2219-T851,
7075-T7351%%, and 5454-H34 (N, Kackley, MTL).

Prevention of S§.C.C. via design. Aside from proper material
delection, one can avoid stresg-corrogion cracking by reducing (or
eliminating) tengile stressesg, or by isolating vulnerable areas from the
environment. MIL-HDBK-5 recommends against practices such as press or
shrink fits, taper ping, clevis joints in which tightening of the bolt
imposes a bending load on the female lugs, and assembly operations which
impose sustained surface tensile stresses (especially if in the short
transverse direction) when using materials 2014-T451, -T4, -T6, -T651,
T652; 2024-T73, -T351, -T4, and 7075-T6, -T651, -T652.

Shot peening ig required by MIL-STD-1568A, par. 5.4.3.1.4, on critical
surfaces of forgings, machined plate, and extrusionsg, after final
machining and heat treatment. This places surface layers in a resgidual
compregsion gtate, which eliminates one leg of the S.C.C. triangle
{tensile stress).

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

The above two requirements are waived if the material demonstrates a
stresg-corrosion resistance not less than 25 ksi (173 megapascals) in the
short transverse direction when tested in accordance with a defined test
procedure,

Coating a vulnerable area can be effective in preventing S.C.C by
igsolating the short transverse grain structure from corrosive agents.
High-strength aluminum alloy 7039, once widely used as an armor material,
had experienced $.C.C. in the vicinity of welds due to residual tensile
stregges acting on regiong of short transverse grain structure exposed at
the edgez of rolled alloy armor slabs. An effective, though expensive,
golution was %o "butter® the edgey with 5356 alloy. Thiz procedure
created compressive stresses ab the edges, and also sealed the

¥ Cobb, B.J., New Systemg with CPC Flavor. Proceedings of Conference
on Corrogion Prevention and Control, Williamsburg, VA, 29-30 April
1986.

¥¥ Lifka, %.J., et al, Exfoliation and Stresgs-Corrogion of High
Strength, Heat Treatable Aluminum Alloy Plate. (Reprinted with
permigssion from Corrogion, November 1967, in Prevention of Material
Deterioration: Corrosicn Control Course. Published by Logistics
Engineering Directorate, U.S. Army Armament Material Readiness
Command, Rock Island.
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alloy 7039 surface with a more gtress-corrosion-registant materialx.
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 is less prone to S.C.C. than 7039. The
degigner should be aware however, that shot peening (or, brush peening)
is available as a means of relieving residual tensile stresses at
vulnerable short transverse surfaces. Also, weld buttering, though time
consuming and costly, is nonetheless also available as an option.

In recent yearg, new aluminum alloys have been developed ag options
for armored vehicle design. A cast alloy, A206-T4, meets S.C.C.
requirements when tested in accordance with prescribed test proceduregx.
This particular cast alloy-temper combination, is not as good as
high-strength rolled aluminum alloy from a valligtics standpoint. It is,
however, less disadvantageous than other aluminum cast alloys that were
studied. .

Aluminum alloy 2519-T87 was recently developed as an alternative %o
5083-H131 and 7039-T64. Thig alloy offers tengile and balligtic
properties equivalent to 7039, without the latter's susceptibility to
stregs-corrosion cracking. Alloy 2519-T87 needs additional developmental
work, however, becaus experimental weldments do not withstand ag high a
ballistic shock as is required by MIL-STD-1946 (Welding of Aluminum Alloy :
Armor) , ¥x%% ) ‘

If the engineer must use alloys such as 2024-T4 or 7075-76, rapid
quench rates are desirable, as both yield strength and corrosion
resistance increase with the rate of quenching from solution heat
treatment temperature. Unfortunately, high quench rates are not possible
for thick gections. This is why 2000 serieg alloys are usually overaged
to the T8 sgeries tempers (i.e., 2219-T851), and why 7000 series alloys are
uged in T7 geries tempers, i.e., 7075-T73.

-

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

Exfoliation has occurred in aircraft structures in the vicinity of
fasteners. Corrogive agents enter the crevice between fagiener and
gurrounding aluminum, and attack the latter along elongated grain
boundaries., Thig results in delamination, caused by pressure exerted by
corrosion products beneath the surface.

% Gilliland, H. Manufacturing Methods and Technology: Metal Arc Spray
Processing. USATACOM R.D. & E. cCenter, Warren, MI, February 1686.
* % Hare, R.B., and R.L. Malik., Cast Aluminum Components: Phase 1,

Volume 1. USATACOM R.D. & E. Center, Warren, MI, February 1983.

rEY Wolfe, Thomag D. and Steven A. Gedeon. Weldability of 2219-T851 and
2519~-T87 Aluminum Armor Alloys for use in Army Vehicle Systems.
Army Materials Technology Laboratory Repcrt #MTL TR 87-28,
MA, June 1987,
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As with stress-corrosion cracking, high strength alloy-temper
combinations such ag 7075-T6 are particularly vulnerable to exfoliation,
Accordingly, the designer must prescribe overageing-type heat treatments
when using high strength aluminum alloys under conditions where
exfoliation is likely. If this form of corrogion is more of a problem
than 5.C.C. in a particular application, the designer might want to use
7000-geries alloys in the T76 temper, which is stronger than the T73
temper while pogsegsing elevated resistance to exfoliation.

The 5000-geries alloys are susceptible to exfoliation (and S.C.C.)
when a continuous network of AlasMgz precipitates forms at grain
boundarieg. Accordingly, corrosion resigtance of this alloy series can be
improved by thermal-mechanical treatments which cause precipitates to form
within the grains, rather than at grain boundaries exclusively. The H116
and H117 tempers have been developed for exfoliation registance in
5000-series alloys (N. Kackley, MIL).

If exfoliation occurs in threaded or riveted joints, plated fasteners
can help allieviate the problem. Sealers such ag elastomeric polysulfide
compounds (per MIL-S-81733C) have been uged gsuccessgfully in aircraft
structures., Metallic coatings, such as sprayed aluminum or zinc, on
affected areas (edges of plates, insides of fastener holesg) are also
helpful. Fastener holes should be primed with epuxy primer (i.e.,
MIL-P-23377) if the fastener must be removable.

2.2 Coating Systems for Aluminum.

9.2.1 Converdion Coatings. Aluminum surfaces must have gome kind of
pretreatment for organic coatings VYo adhere succegsfully. The clagsical
prepaint treatments for aluminum include amorphous chromate, amorphous
phosphate (chromium phosphate), zinc phogphate, and alkaline oxides.

Chromium chromate (amorphous chromate) produces excellent results ag a
paint base. Even when used alone, amorphous chromate provides excellent
registance to salt gpray. Furthermore, this type of conversion coating is
electrically conductive, making it useful for electronic equipment
chaggis. It ig algo good for applications whare electrical conductivity
between aluminum surfaces iz degired for EMI shielding.

Chromium phosphate and chromium chromate meet the requirements of
MIL-C-5541C (Chemical Conversion Coatings on Aluminum and Aluminum
Alloys), which calls for 168 hours salt spray resistance. The former
meets the requirements of MIL-C-5541C , class 1A, while the latter,
becauge of its electrical conductivity, meets the requirements of
MIL-C-5541C, Classg 3.

Wnile chromate conversion coatings are excellent paint bages for
aluminum, they unfortunately creahte hazardous wagte disposal problems.
Accordingly, efforts have been made to find non-toxic, non-environmentally
hazardous substitutes,

The FMC Corporation hag investigated a number of aluminum alloy
pretreatment systems, in their quest for a gystem 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
deuxidizing the surface. No paint will adhere well to non-deoxidized
aluminum, no matter how well it is cleaned. The reason is that the oxide
coating naturally occurring on an aluminum surface interferes with
adhesion. One might reasonably ask: If an aluminum surface is thoroughly
cleaned and deoxidized, will a primer coating adhere without a conversion
coating?

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

Another alternative to MIL-C-5541C chromate convergion coatings is the
wash primer (DOD-P-15328D) pretreatment system. This ig a two part system
which, when mixed, consigsts of phosphoric acid, polyvinyl butyral, zinc
tetroxychromate pigment, and solvents (igopropanol, butanol, water). The
phosphoric acid gerves as an etching agent to assure adhezion of the
polyvinyl butyral binder. The pigment ig gimilar to the classical zinc
chromate pigment traditionally uged in primers for aluminum.

Wash 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 ag when applied cver a MIL-C-5541C, class IA conversion
coating such ag Alodine 12008 {(R)#x Unfortunately, the wash primer system
has disadvantages. It uses large amounts of solvents, 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 uses chromate pigments. Though W.P. does not generate
large volumes of liquid waste, the chromate pigment is still a health
hazard to workerg. If applied by spraying, any overspray would have to be
treated as hazardous waste, as would unused material (Wash primer, once
mixed, has limited pot life).

‘Dry in place” or °'no-rinse’ chromate conversion coatings have been
devised in an attempt to deal with the hazardous waste disposal problem of
traditional chromate treatments. They do indeed produce less waste
effluent, and eliminate final ringe gteps., Such gystems lend themselves
well to coil-coating or for treating simple shapes, However, they are not
so good when it comes to complex items such as aluminum armored vehicle
hullg. No-ringe chromate gystems are a viable option for parts which
drain easgily.

Modified zinc phosphate treatments, described earlier, will form a
phosphate coating on aluminum. Unfortunately, they do not offer the
performance one can expact from anodizing, or from amorphous chromates per
MIL-C-5541C., Furthermore, the waste effluent from modified zinc phosphate ‘
bathg are not free of waste disposal problems. Unless one ig treating a
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* Thompson, Sharon, Prepaint Cleaning. USATACOM R.D. & E. Center,
Warren, MI, October 1985.
* % Trademark of Amchem Products, Inc.
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Mixed assembly of steel and aluminum, it ig best to use zinc phosphate
for pretreatment of gteel, and chromates (or something equivalent) for 6@%
aluminum.
Another posgible convergion coating for aluminum is aluminum
hydroxyoxide, a variation of the old ‘boehmite®’ oxide coatings. The
process congists of exposing an aluminum surface, coated first with a
chemical reagent, %o an oxidizing environment containing steam. The
reagent provides nucleation gites for growth of aluminum hydroxyoxide
crystalg., This process is used commercially and results in a good paint
basge.
Digsadvantages are as follows: If the surface is damaged, the oxide -
layer offers no sacrificial protection. A chromate-pigment containing
primer hag to be used for best results. Finally, the FMC study did not
find it adaptable for production. .
Finally, there are immersgion-type, non-chromate conversion coating
systems for aluminum. U.S. Patent 3,964,936 (Das, N.) describes a
treatment bath congisting of boric acid, a source of fluoride, a source of
zirconium, and nitric acid for Ph adjustment. THis system forms a
fluorooxy-zirconium complex on an aluminum surface. It has met the
requirements of the aluminum container industry. However, it does not
meet the requirements of MIL-C-5541.
According to FMC, one non-chromate system works satisfactorily on
aluminum alloy 5083. This system is as follows:

Parco No. 2351 alkaline cleaner
Hot water rinsge

Parco No. 2356 deoxidizer

Hot water rinse

Parker TD1325 non-chromate conversion coating, consisting of e
conpounds of titanium, fluoride, zirconium, nitric acid, and phos-

phate.

Cold ringe

Polymeric gealer

Cold ringe

prime and paint

G > O3 D —

[fo s - BE B,

This treatment, excluding primer (i.e. up to and including the eighth
gtep), meats the 168 hour salt spray requirement when applied to ailoy
5083. Both this treatment and Alodine 1200s, when applied to 5083/7039
welded panela, suffer corrosion near the weid after 168 hours salt spray.

While Alodine 12008 passes the 168 hour salt 3pray test when applied
to aluminum alloys 2024, 6061, and 7075, the aforementioned non-chromate
treatment does not.
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§B3 When aluminum panels were treated with the non-chromate convergion |
coating described above and then primed with MIL-P-53030 epoxy primer, the f

following results were noted: i

#

f

|

1000 Hour Salt Spray:

5083 alloy: pasgsed
5083/7039 Welded panels: small amount of corrosion on weld spatter
2024: paddged
6061: pasgsed :
7075: failed |
dry & wet adhegion: passed }
120 1b. reverse impact: pasgsed :

In contrast, the Alodine 12008 process, when similarly followed by the
primer, pasdged all tests, with all alloys.

One car. see that there is the technical possibility of achieving
reasconable regulteg with 2 non-chromate converdion coating if the aluminum
gurface is thoroughly cleaned and deoxidized, and if the conversion
coating is followed by a good primer. However, it doesn’'t work on some
alloys (High-strength, copper-bearing alloys are known to be more
difficult to finigh than other aluminum alloys), and its performance in
the field has not been demonstrated. Ultimate protection of aluminum in
tactical and combat vehicles still requires chromates, in the conversion
coating if not also the primer pigment as well.

‘3; It should be noted that the current chromate conversion coatings,
i.e., Alodine, also require thorough metal cleaning and deoxidizing for
begt results.

9.2.2 Anodizing. Oxide films on aluminui and its alloys are formed by
natural processes. These films do not flake and crumble like ferrous
oxide filmg, and hence offer protection to underlying metal. Normally,
the naturally occurring oxide film on an aluminum gurface is approximately
100 angstroms (.00010 mm.) thick.

Because Al203 ig a wear-and corrosion-resisting substance, the
deliberate formation of thig oxide in filmg of greater than the naturally
occurring thicknegs, ir degired in zome apnlicationg. Various processes
do in fact accomplish this. All of them use an eiectrolyts 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, thege processed are known as anodizing.

Aluminum items are anodized to improve corrosion registance, provide a
colored film for decorative purposes, or to develop a hard surface for
wear registance. Oxide filmg developed by anodizing do not conduct
electricity.

Early anodizing procesgses used chromic acid golutiong as
electrolybes. Subsequently, sulfuric and oxalic acid electrolytes were
introduced. Boric and phosphoric acids are also usable as anodizing
electrolytes. The chromic acid process uses 40 grams CrOs per iiter of
solution, with a 35C (95F) bath temperature. The item to be treated is
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made the anode and subjected to 40 volts for approximately 30 minutes.
The regulting oxide film ig 0.,0025 to 0.0050 mm. thick.

An oxalic acid golution at 2 to 6% concentration, at a temperature of
15 to 30C is the basgis for the "Eloxal” process. Oxide layers formed on
aluminum by thig process are up to 0.006 mm. thick, and are golden yellow
in color.

The most common media for anodizing is sulfuric acid. H2S04 ig
very corrogive, unlike chromic acid which in fact ig an inhibitor. This
means that care ghould be taken not to allow gulfuric acid solutions to
become trapped in crevices of par%s being anodized. However, the
*Alumilite (R)° procegs has the advantage of lower cogt, higher speed, and
the pogsibility 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). Hz2S04
anodizing hag another advantage: There are no chromium ions to cause
water pollution.

‘Hard® anodizing refers to processes whereby the oxide film is thicker
than usual. Such films range from 0.001 inéh (0.025 mm.) upwards.

Hard anodic c¢oatings form in sulfuric acid ancdizing cells with some
of the parameters modified. The current density (amperes per square foot
of surface area anodized) is higher than in conventional anodizing. The
bath temperature is lowered from 70F used in conventional anodizing to
50F. The Alumilite hard-coating golution uses 12% (by weight) Hz2S0.,
along with one weight percent oxalic acid. The Martin Hard Coat (MHC)
process uses 15% H2S504 saturated with carbon dioxide.

Oxide films developed by hard anodizing processes are not actually
harder, but are thicker and denser than conventional anodic coatings.
They exhibit good corrosion and wear resistance. Unsealed coatings hold
lubricants well,

Anodic coatings must be sealed for maximum resistance to corrosgion, or
when it is necessary to have resistance to staining. Hard anodic
coatingg, when used for abrasion resistance, are not sealed. One may seal
anodic coatings by immersing an anodized coating in boiling water for 10
to 30 minutes. Dichromate sealing solutions produce the best corrosion
resistance.

Anodizing is applicable to a variety of wrought and cast aluminum
oys. Pure aluminum is the easiest to anodize. With copper-bearing
o 024 (4.5% Cu) or 7075 (1,6% Cu), it ig more difficult to
dic coaving, and the film will offer legg resgigtance to
corrogion.

A potential disadvantage of anodizing is reduced fatigue strength.

Recently, Lockheed developed a procesa whereby anodizsd aluminum isg
sealed with polyurethane regsin.* This 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 pogsesses
excellent atmospheric corrosion resistance, while various aluminum alloys
(particularly high strength, copper-bearing alloys) tend to suffer in this
respect. Accordingly, high-strength alloys should be used in "alclad®
form. Alclad aluminum alloys, available in sheet, plate, and tubular
forms, congist of a high-strength aluminum alloy core clad with unalloyed
aluminum, or selected aluminum alloy such as Al - 1% Zn. The idea is to
provide a corrosion-sensitive, high-strength aluminum alloy with a coating
of Al or Al alloy which resists 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 alclad products is, they are easier to conversion-coat than bare, Al-Cu
or other high-strength alloys. Thig is very important if chromate systems
cannot be used.

Aluminum armored vehicle hulls can be coated with pure aluminum, zinc,

or Zn-Al alloys, by wire spraying. Thig is another option for aluminum
hulls, turrets, and other components.

9.2.4 COrganic Coatings. Traditionally, aluminum surfaces have been
primed with zinc or strontium chromate pigmented primers. Red lead is not
a corrosion-inhibiting pigment for aluminum, and ig therefore not to be
used for this purpose.

A classic primer dpecification for aluminum ig TT-P-1757. This
specification calls for a zinc chromate pigmented, oil-modified
phenol/formaldehyde-alkyd primer coating.

Later, epoxy primers were developed. Typical epoxy primers were
discussed in gection 8.3.

Today, primer specifications have changed, becauge of VOC and
chromate problems. A water-reducible, lead and chromate-free epoxy primer
for aluminum is called out under MIL~P-53030. This ig a two-component
gystem which meets VOC (water not yet added) limitg not more stringent
than 2.8 1b. per gallon, or 340 gram/liter. Storage stability is 1 year
fo» both components, and pot life, once mixed, is no legz than 6 hours at
73F.

If the elimination of chromates from both conversion coatings and
primereg ig giringdently enforced, adeguate protection of aluminum could
prove difficult. Enforcement of quality controls will be more important
than ever. Hopefully, adequate coating system3 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 corrogion can still be used
where required,

Many topcoating materials used for protecting steel can also be
applied to aluminum. These materials include:

»
o
oy

- R
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Alkyds
Acrylica
Vinyls
Epoxies
Urethanes
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A good gystem for aluminum is epoxy primer, followed by polyurethane

topcoat. Q88
. Electrophoretic coatings are applicable to aluminum, as are powder

coatings. Be aware, however, that these materials require elevated

temperature baking. Make aure that the ailoy-temper sydstem in question

can take the baking temperature. !
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CHAPTER 10
LESSONS LEARNED IN CORROSION PREVENTION AND CONTROL

Thig document concludes with a chapter on lesgongs learned from actual
field experience with corrosion in Army weapon systems. Regardless of how
much theoretical knowledge the engineer may have regarding corrogion, it
is better yet for he or gke to have studied actual cage 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 Cage Higtory #1. The Corrodion Digegt, Number 6, 10/86, page 1.
Letterkenny Arsenal reported leakage of IBCC shop shelters, caused by
corrosion between aluminum panels and foam insulation.

Cause: This is an example of poultice corrosion. Aluminum and its
alloys depend on a natural oxide layer for protection against corrosion.
When a poultice such as foam ingulation is in contact with aluminum,
retained moisture (possibly containing corrosives leached from the foam)
can initiate corrosion at weak points in the protective film. The film
ig, at this point, not self-healing.

Although the aluminum wag 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 wag further recommended that new shelters be
fabricated with insulation that would be less likely to cause corrosion of
the aluminum skin.

Legson to be learned: Beware of poultice-type corrosion when
insulating foams are in contact with metals. Use an adequate protective
coating to protect the metal surface. Such coating should be able to
withstand prolonged moigture exposure without blistering. Alsgo, sgelect
insulation materials that will not leach corrosive salts.

10.2 Case History #2. Floor pans of M339 (5-ton} trucks were rusting
out, because of moisture retained in place by floor covering.

This ig another case of pov tice corrosion. It is not pessible to
eliminate the floor covering, because its soundproofing function is
congidered egsential.

Solution: The only coating on the steel surface was TT-C-490
phogsphate 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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Leggong to be learned. Here, again, the engineer mugt be aware of Qﬁ%
poultice effects when items guch as floor mats come into contact with -
metals. Also, whenever there is a sump area, prolonged electrolyte

contact is likely to be a problem. The author recommends the following

meagurses:

1. Uge adequate coatings on all metal surfaces. Both outsgide and
ingide surfaces of floor pans should be galvanized. Here is a
posgible application for high performance coatings such as
Galvalume or Galfan.* The inside surface, because of contact
with the floor covering, should also have a good organic
coating gcheme, Use a good phogsphate treatment so as to retard
underfilm corrosion at paint coating defects.

2. Drain all sump areag, uging either drain holes at the low
points of guch 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 nmat should be of closed-cell, rather than open-cell,
type.

If the design engineer gpecifies removable drain pluge, the truck
should be stored with the plugs removed. Before beginning a day's
operationg, the regpongible maintenance person must re-install the drain
plugs to prevent flooding of the vehicle interior while fording or
gwimming.

€3

10.3 Cage History #3 (The MADPAC Digest, Number 2.3, 1/85, page 11.)
Hardware in S-280 and $-250 shelters was found to be corroded,
producing a white, powdery corrogsion product.

The cause: An RTV gilicone sealant was giving off corrogive acetic
acid vapor.

Soluticn: Change to non-acetic acid type sealant.

Leggon: Beware of vapor corrogion in enclosed areas. Avoid RTV
compounds that use acetic acid. This was pointed out in part 4.10
(special considerations for electrical and electronic equipment).

10.4 Cage Higtory #4 (The MADPAC Digest, Number 2.3, 1/85, page 47.)
In another cage 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 corrosion, 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. r

Solution: Corroded items were cleaned and treated with varnish.
MICOM issued instructions to allow at leagt two weeks air dry for metal
containers painted with alkyd enamel, and to use CARC in the future.

Leggon: Alkyd paints preferably should not be ugsed for painting
insides of storage containers. Use either the CARC system (epoxy
primer/polyurethane topcoat) or, for surfaces not exposed to sunlight,
MIL-C-22750 epoxy enamel applied over MIL-P-23377 (NAVMAT P 4855-2, Design
Guidelines for Prevention and Control of Avionic Corrosion).

10.5 Case Higtory #5 (MADPAC Disgest, Number 2.3, 1/85, page 50. See
algo 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 (6.35mm) diameter, in
the underside of the bumper, 6 inches from each side of the trailer and 45
inches from the left side., MB71's built after the defect wags ascertained,
had this modification incorporated at the factory.

Legson: This is a classic cade of indide-out corroszion cauged by
moisture entrapment in a gump area. Beware of sump areas in hollow
structural sections. (See figureg 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 guffered corrosion.

Cause: Some of the protective coating (Dow #17) had been machined
off, leaving exposed metal.

Yy

Solution: Seal the bolted joints after assembly with a sealant.
Touch up machined areag with chromic acid brush-on per Dow #i9., Seal
coatings with MIL-S-8784 gealant.

o

Legson: When a protective coating is destroyed by machining or
welding, it must be re-applied.

This case history is an example of why metal finishing must be
integrated into the overall assembly procedure, rather that being an
afterthought,

sy e

10,7 Case History #7 (The Corrosgion Digest, Number 8, 4/87, page 32).
Letterkenny Arsenal reported gevere corrosion on crossmembers of
M105A2 trailersg brought in for maintenance.
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Cause: The trailers wero stored outdoors. Water penetrated into
weld se-ms and frame gections.

Solutiong: 1. Provide covered storage, if possivie.
2. Provide drain holeg at the lowest pointg (sump areas)
of frame sectiong.*
3. TUse continuous welds to eliminate crevices.
4, Apply rust preventive coatings on ingides of hollow
gections.

Lesgons to be learned: Several examples of poor practice regarding
CPC are evident in the initial M105A2 design. Firsgt, non-continuous welds
congerve weld metal, bul they also set up crevices which invite corrosgion.
Second, when using hollow frame sections, sump areag invite internal
corrosion. Finally, the inside surfaces of frame members have to be
protected, judst as the outside surfaces must be, with protective coatings.

10.8 Cage Higtory #8 (Op Cit, page 43)
MICOM reported the breakage of a high-strength maraging steel clevis
bolt used in the patriot antenna mast.

Cauge: The bolt was cadmium plated per QQ-P-416, type II, class 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. :

Legson: High-strength steels are very dgengitive to hydrogen
embrittlement. Do not electroplate such materials, Use surface
treatments that are proven not to cause hydrogen embrittlement.

10.9 Cage Hisgtory #9 (Op Cit, page 47). MICOM reported corrosgion of
cadmium-plated mild steel latches on Hellfire containers.

The containers, apparently aluminum alloy, were treated with
chromate conversion coating 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 upside-down to save space.
Provide drain holeg that will be at the lowest pointg for
storage/shipment pogitions, in addition to drain holeg for the normal

posgition, .
| ®
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Solution: MICOM gpecified wash primer treatment, per DOD-P-15328, on
containers in place of MIL-C-5541. In addition, use of stainless steel
latches was invesgtigated.

Legsson: When specifying a dip-type treatment for an item, consider
all materials which may be exposed to the chemicals involved. MIL-C-5541
chromate treatments are intended for aluminum but not for cadmium
gurfaces,

10.10 Casge Higtory #10 (MADPAC Digest, Number 1, 6/84, page 12).
TACOM reported failure of electric gtarter in M113A2 armored
personnel carrier.

Cauge: Internal corrogion due to water entry.

Solution: A gasket was added to the tecrhnical data package to
prevent water entry.

Lesson: With some components, it is vital to use seals and gaskets

to keep moisture out.

10.11 Case History #11 (MADPAC Digest, Number 1, 6/84, page 17).
TACOM reported paint failures on aluminum fenders on Ml tanks.

Cauge: The contractor wasn't following the gspecification
(MIL-C-5541) for pretreating the surface prior to painting. This resulted
in poor paint adhesgion.

Solution: Proper pretreatment in a~cordance with specification, plus
tightened inspection procedures prior to acceptance.

Legsor to be learned: Proper quality asgurance is vital to corrosion
prevention and control. The best standards are useless if not enforced.

10.12 Cass listory #12 (Ths Corrosion Digest, Number &, 10/88 page 2).
Sharpe reported pitting and exfoliation of an aluminum alloy 2024
gide rail,

Solution: Replace with type 6061-T6 aluminum alloy.

Lesson: Though 2000- and 7000- gerieg aluminum alloys are strong,
they are also vulnerable to corrosion, especially in higher strength
tempers.,

10.13 Case History #13 (Op Cit, page 7). MICOM reported corrosion of
rotary coupler in chaparral radar set,

Cause: Moisture ingress
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Solution: Ingtall rubber seal with packing material over the top of
the rotary coupler, Qﬁ?

Lesgson: Use deals, gaskets, packing in places where moisture may
enter., (Seals on top, drain holeg on bottcm).

10.14 Cage Higtory %14 (Op Cit, page 10)
Anniston Depot reported corrogion of approximately 200 self-locking
steel head bolts on the Ml tank's X-1100-3B transmission. Corrosion also
occurred on the aluminum alloy 355-T71 trangmission housing cover where ~
the bolts are fastened.

Caugesg: Although the bolts were supposged to have been
cadmium-plated, the plating was omitted. This resulted in the bolts
guffering corrogion themselves, and algso caused the bolts to act as
cathodes with regpect to the aluminum housing.

Solution: Here is another instance of lapse in quality control.
With the present arrangement, make gure the plating on the bolts iz per
drawing gpecification,

Fer the future, use a more compatible fastening system. Here is a
good application for fasteners coated with a good protective finish, i.e.,
ceramic-metallic.

The transmission housing should be treated with protective finish
after drilling holes and after all machining operations. To prevent a
large cathode/small anode gituation at posgible defects in the coating
applied to the aluminum, use prcperly treated bolts. Such bolts will be
legs likely to act as cathodes, and less likely to corrode themselves.
(See figures 13, 16, and 24.)

€3

10.15 Cage History #15 (0p Cit, page 17)
MICOM reported corrosion of various parts inside multiple launch
rocket gystem (MLRS) electronic box.

Caugse: Moisture intrusion.

‘Solution: Engineering change proposal included design changes to
eliminate moisture leakage paths into the units.

10.16 Case Higtory #16 (Op Cit, page 18) In another example of
electronic component failure reported by MICOM, a conformal coating, per
MIL-I-40058, type AR, proved inadequate during humidity testing of
Hellfire autopilot circuit card assemblies.

Solubtion: Coating composition and application method were modified.
Circuit cards are now screened for adequate performance with water mist
tegty.,
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10.17 Casge History %17 (Op Cit, page 18) TACOM reported corrosion of a
ferrous metal gage rod cover assembly around the area where it was welded
to the gage rod.

Cauge: Plating too thin, also, piating not reapplied after welding.

Solution: Drawing was changed to specify application of c¢oating
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. Beware, also, that forming operations may rub off
cadmium or other protective coatings. Apply such
coatings after any such operations.

10,18 Case History #18 (Op Cit, page 20) The Corpus Christi Depot
reported corrosion on the inside surface of magnesium alley AZ91 tail
rotor gearboxes on UH-1 helicopters.

Causes: 1. The gearbox housings had Dow 7 dichromate/MIL-P~23377
epoxy primer on the outgide surfaces, but the ingide
surfaces were unprotected.

2. Moigture intrusion.

Solution: ©Provide a corrogsion regigstant coating on the ingide
gurfaces.

Lesgons: With magnegium hougings (i.e., if such are used for ground
vehicle trangfer cases), the designer should use high purity magnesium
alloy (ag free ag pogsible from copper, nickel, iron), adequately
protected on all surfaces. And, use seals and gaskets to keep
environmental moisture out of the unit,

10.19 Cage Higtory #19 (Op Cit, page 23) Corpue Christi Depot reported
corrosion of lidg on storage/shipping contain.rs for aircraft componeats.

Cauge: Though painted, the container lids were designed (albeit
unintentionally) such that water was trapped.

Solution: Re-degign container and 1id so that water will run off it.

Lesgon learned: Any undrained sump area is a potential corrosion
gite.

The “tuition” for this lesgon was very high. Expengive aviation
components were ruined by water intrusion into the containers, because of
the 1id corrosion.
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For expensive items in storage, conaider temporary corrosion preventive
agents (i.e., temporary coatings and/or vapor-phase corrocsion inhibitors), Gg@
and other measures dgpecified in MIL-P-116H (Preservation, methods of).

10,20 Case History ¥20 (Op Cit, page 28)

MICOM reported that MIL-P-52192 primer and MIL-C-52029 topcoat failed
wet tape adhesion test,

Cauge: Paint was applied, and curing attempted, at temperatures
below 507, which is too low. ~

oA,

Solution: Avoid painting when ambient temperature is too low for
proper curing.

S35%
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10.21 Cage Higtory #21 (Op Cit, page 56) Annigton Depot reported
receiving M48 and MB0 tank final drive units, from various places, with
rugt on machined areas.

-

A,

‘“I’

Cause: Units not properly prepared for shipment.

-

S5

Solutiondg: Apply P-19 preservative to threads and machined areas
prior to shipment,

Lesson: Iron, as in mild or cast steel, wants to be an oxide. All
surfaces should be protected during storage and shipment. This is where

temporary corrosion-preventive compounds are useful, :::
10.22 Cage History #22 (Op Cit, page 59) MICOM reported corrosion of
cadmium-plated gteel rivets during salt, fog, humidity, and rain
environmental portions of first article testing of light weight missile
launcher.
Solution: Additional tests demostrated that nickel-plated brass
rivets would be satisfactory. The necessary degign change was made before
: the item wag put into full scale production. v
Eﬂ Lesson: This case higtory demonstrates the value of first-article
testing. v

10.23 Casgse History %23 (MADPAC Digest, Number 1, 6/84 page 16, also
MADPAC, Number 213, 1/85, page 25.

Welded stainlesy gteel water tanks (M149A2) suffered corrogion in the
weld aread,

The cauge wag found to be free ircn present in weld glag, or
introduced by improper grinding and wire brushing.

Solution: New cleaning procedureg, including non-chlorinated
gcouring powder, non-metallic brushing, and flushing with clean water.
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Lesson: Thig cage shows the importance of proper welding procedures
when welding certain materials. The author reminds readers that, when
welding austenitic stainless steels, 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 rudgting of GLCM transporters.

Cause: The paint system (CARC) wag inadequately applied. The paint
thickness was less than what was specified.

Solution: Legal action wag taken to reclaim the cost from the
contractor.

Lessons: Even the best paint system ig worthless without adequate
QA. All layers, from pretreatment to final topcoat, must be applied
according to gpecifications and must be within gpecified thickness
allowances, Use thickness gaging to inspect 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 contractor when paint
quality lapses occur. The design engineer should remember that some
design features (sharp corners, deep recessesg) are difficult to coat
evenly.

10.25 Case History #25 (Op Cit, page 66) Anniston Depot reported severe
corrosion of rear drain valve control rod assembly on M60 tanks. They
guggeated using stainless gteel, or an effective corrosion-resistant
coating.

Legson: Components that must be located near the bottom of an
armored vehicle hull have to be able to withstand water immersion.

Congider using powder-coated steel parts, using a coating material
that can withstand continuous water immersion.

If using stainless gteel, remember that 8.8. materials guffer pitting
in chloride-containing media. Type 316 s.s. is more registant to pitting
than type 304. However, the designer should specify the least expensive
material that can satigfy performance requirements.

10.26 Case Higtory #2868 (Op Cit, page 72) MICOM reported failure of MLRS
azimuth resolve and switch aggemblies.

Cauge: Moisture intrusion during vehicle cleaning with high pressure
water. Accesg doors were inadequately gecured against water streams.

Solution: Engineering change proposal was iggued to stiffen the
accesg doorsg, improve the fastening arrangement, and change from cork to
rubber gaskets,
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Lezgon: Armored vehicles should be designed to be cleaned with high
preggure water gstreams. This ig how soldiers clean off deposits of mud
that are likely to build up on such vehicles during field exercizes.

10,27 BHign Mobility Multipurpogse Wheeled Vehicle Corrogion Problems.

The following corrosion problems encountered with the HMMWV, and
their resolutions, were contributed by I. Carl Handsy of the TACOM
Corrogsion and Materials Group.

HMMWYV proolem #1: Mirror bracket assemblies,
Mirror assemblies experienced rust, due to poor finish.

1 Improve Q.C. insgpection.

2. Stainless steel construction.

3. Galvanizing.

4, Use reinforced polymer (*Composite®)
material,

Possible solutiong:

Recommendationg: Use galvauized 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
zinec 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 misgilesd.

HMMWV problem ¥2: Strike, catch, c.irgo shell door.

Said components rusted, because of poor quality control of protective
plating and painting.

Pogsible solutiong: 1. Improve Q.C. of plating.
2. Improve Q.C. of painting.

Recommendations: Both of the above.
For gmall components, fluidized bed powder coatings are a posggible
option, if a material can be found that meets CARC requirements.

TGIC-cured polyester ig a posgibility.

HMMWY problem #3: Body mounting bolts,

Boltg were rusting.

Poggible solutions: 1. Seal bolts after assembly with dry film
coating.
2. VUge ceramic-metallic coating (see par.8.9.2)
3. Stainless steel boltsg
4, Composite bolts
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Recommendationg: Ceramic-metallic coatings, or stainless steel.
Author's comment: Try the former. Stainless steels are known to

suffer gtresg-corrosion cracking in some environments. Polymer composites
are not fagtener materiuls.

HMMWV problem #4: Latch assembly, hood rel~zse.

Problem: Rust

Poggible golutions: 1. Hot dip galvanize.
2. Composite material.
3. Stainless steel.

Recommendation: Hot dip galvanize.

HMMWV problem #5: Floor mats.

Moisture, retained by floor mats, cauges corrosion of floor pan.

Possible golutions: Use closed cell foam contruction, or
encapsulated foam material, depending on cost.

See case history #2 (M939 trucks). It cannot be emphasized enough
that a floor pan must be protected on the crew compartment side with a
coating system "at can withstand continuous expozsure to dampness. The
HMMWV floor pai *- aluminum, not steel as with the M939. Accordingly, a
different coating ,stem is required. Congider using anodizing sealed
with polyurethane, 1ollowed with a CARC topcoat (see par 9.2.2). Another
possgibility ig a powder coating system.

Otherwise, the floor pan corrogsion problem in the HMMWV should be
addregsed in the same manner ag the corregponding problem with the M939.

HMMWV problem #6: Frame rails.

Problem: Rugt on inside of frame rail.

Sauge: Ingufficient cleaning and inadequate E-coat primer
application.

Pogsible gsolutions: Improved immersion cleaning and 0.5 mil of E-coat
primer,

Recommendations: Both-of the above

Thig problem wag resolved between TACOM and the HMMWV prime
contractor, AM general. All future frame rails will be thoroughly
cleaned, and a minimum of 0.5 Mil E-coat primer is required on all
surfaceg. (Author's comment: Drill (1l necesgsary holeg before applying
gurface treatmentg)
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HMMWV problem #7: Roll bar, B pillar,

Problem: Rust caused by poor paint finigh and abragion of door panel

againgt the pillar.

Solutiong: 1. Galvanize steel partg,

2. Apply self-sticking tape to faying surfaceg of door

frame and pillar,

3. Improve paint appiication quality.

Legson: Beware of abrasion between mating parts that would remove

protective coatings.

HMMWV problem #8: Steel troop seats.

Problem: Corrogion of assembly due to digsimilar metal effects (the

HMMWV hag an aluminum body) and poor quality of protective coatings.

Solutiong: 1) Isolate dissimilar metals.
2) Galvanize steel parts,

3) E-coat primer/CARC topcoat.
4) Zinc phosphate pretreatment,

5) Use aluminum, rather thar steel seats.

The recommendation was to use golutions 1 thru 4.

Comment: Digsimilar metal joints should be as shown in Figure 13,
Aggembly procedure should be as in Figure 16.
aggembly and aluminum body with their resgpective coating systems, then

Separately treat the geat

aggemble, uging joint design techniques that electrically isolate the

gteel and aluminum.

Finally, uge fagsteners treated to resist corrosgion.

HMMWV problem #9: Roof panel asgembly, basic armor,

Problem: Rust, due to poor quality of paint finish.
Solutiong: Galvanize the gteel panels and tighten quality controls

regarding painting.

AM General now uses E-coat primer for roof panels.
challenge, because the E~coat process ig performed by a subcontractor.

HMMWV problem #10: Drain holesd.

Problem: Poor drainage.

Good QA is a

Solution: Relocate drain holes to luwest points on the floor.

Action takern: AM General has redesigned the drainage hole system t
enlarge drain holes, and to add more where needed.

e i e .
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