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EXLCUTIVE SUMMARY

buring tne perioa of 1 February 1983 to 31 uJanuary 1vby, Mcbonnell
Aircraft Company (MLALK) completea Pnase [ of a tnree-phase program to
demonstrate that lon Vapor Deposited (IVL) aluminum coating can replace toxic
caamium processing at the Air Logistics Centers (ALus). The tnrust cf ine
program 1s tc reauce hazaraous waste production. Research anag aevelophient
considerea necessary for an across-the-poara replacement of caamiun will bLe
conductea auring Pnase Il of tre program. Procurement of an [Vu aluminun
coater will be supportea duriny Phase 1l. The coater will be installeu at an
ALC site for the demonstraticn of tne [VU aluminum process auring ¢nase lli

of the program.

A compilation of data comparing the [VD aluminum process to tne various
caamium processes has been a-semblea into a data base nanabooxk. Tnis
nanubouk Provides the aesigner or process engineer witn a technical data
source when considering a substitute for caamium. It alsc incluces a review
CT aircrart parts now processed witn caamium at the five ALls ¢ duentir,
parts ftor whicn IVD aluminum can immeaiately replace cadmium witnocut cconcern
ana dagentify parts wnicn exhipit "areas o1 concern." Kesearcn  &nd
aevelopnent reconmmenaations are made for supplemental processing to Ue uScu
witn IVU aluninun to enadle adequate replacement T caumium prucessing Tor
parts exhibiting "areas of concern." Processing costs ana environmental

impact comparisons are made between VU aluminum and cacmium. Ivo aluminum

L

processing was generally less expensive than caamium, anc¢ tne ivo aluninum
h

process 1s nonpolluting.  MuaAlr ang the Oxlanuma vity ~ol coatea “typical

ALL parts with VU aluminum that are now processed witn cadmiuni. Tnese parts

A

passed  anu  exceeuea  the  military speciticaticon  corrosion  resisiunce

requirements, The generic nature of 1VvD aluminum was furtner demonstrated by

testing coated panels and comparing results to the conpliec data DOOK. Pnase

[ verifies tnat lvU aluminum can pe substitutea for caamium wilnout concern EIE
for most applicativns. For tnose applications where the substitution is not |
——

straignhtrorward or where otner technical issues must be consicerea, tne ]

reader 1s alerted anag specific research programs dre recoimencec.
A 3teibution/
~_ﬁvailnbllity Codes

‘Avatl and/or -
Speotal

|

[
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This report was prepared by McDonnell Aircraft Company (MCAIR),
McDonnell Douglas Corporation, St. Louis, Missouri, as part of
Phase I of Contract C87-101602, "Demonstration of Ion Vapor
Deposition Aluminum Coatings." The program was conducted by the
Material and Process Development Department at MCAIR, St. Louis. The
program was administered by EG&G, Idaho for the Air Force Engineering
and Services Center (AFESC). Mr. C.J. Carpenter (AFESC) was the
Government technical and administrative program manager. This report
summarizes work accomplished between 1 February 1988 and 31 January
1989.

This report has been reviewed by the Public Affairs Office and
is releasable to the National Technical Information Service (NTIS).
At NTIS it will be available to the general public, including foreign
nations.

This technical publication has been reviewed and is approved for
publication.
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SECTIUN 1

INTRUDUCTION

A.  OBJECTIVE

The objective of this report 1is to verify the applicapility of
ion-vapor-deposited (IVL) aluminum as a replacement for caamium processing at
tne Air Force Air Logistics Centers (AL(Ls). Whereas cadmium nas been widely
used as a corrosion-resistant finisn on steel, the subpstitution with 1Vu
aluminum provides acceptable or improved performance in virtuaily all
applications. More importantiy, the substitution will make a major
contributicn to reducing hazardous waste production and its associated adverse

effect on the environment.
B. BACKGROUND

The [VU alggnum coating 1is applied in production coating equipment
called Ivadizers~ Tne basic eyuipment consists of a steel chamber, a
pumping system, a parts holaer, an evaporation source, ana a high-voltage

power supply. A schematic of an IVD coater is shown in Figure 1. Tne IVvi

— High Voltage
Substrate Hoider Power Supply
Cathode

Evaporator
Negative Glow Power Supply
Vacuum
Chamber —

9 o 7 ‘
N i
= o .
~ . Ground, bl . /
— ~ ~ //
Movable Rt

Boat Rack SN
— Aluminum
Evaporators

\vWire Feeders

Figure 1. Schematic ot an lon Vapor Deposition System.

|




processing sequence consists of pumping the vacuum champber down to about
-4

10

microns, ana a high negative potential is applied between tne parts being

Torr. The chamber is then backfilled with argon gas to aoout 1G

coated anad tne evaporation source. Tne argon gds beconies ionized and creatas
a glow discharge around the parts. The positively chargea gas ions bombarg
the negatively charged surface of the parts and perform a final cleaning,
which contrivutes to good coating adnesion.

Following glow discharge cleaning, aluminum wire is evaporatea by being
continuously fed into resistance-heated crucibles. As ine aluminum vapor
passes tnrough tne glow discharge, a portion of it becomes ionizea. This, 1in
addition to collision with tne ionized argon gas, accelerates the aluminui
vapor towara tne part surface, resulting in excellent cocating adnesion anu

uniformity.

sotn tne aluminum coating ana tne IVD process are environmentally clean.
Laamium, on tne otner nand, is a heavy metal and is toxic to humans. Unce 1t
escapes into the environment, it can find its way inie the water supply o
fooa chain. Also, with electroplated caamium processing, tnere are adaitional
nazaras associated witn cyaniae products in tne plating bath. On the economic
side, a suitacle replacement can both reduce life-cycle costs ana provige an
immediate return on investment by eliminating those processing costs

assucCiaited with hazardous waste collection, storage, and aisposai.

Tnere are inherent aavantages to tne substitution of IVD aluminum for
cadmium, in adgition to hazaraous waste reduction. IVU aluminum outpertorius
cadmium in preventing corrosion in acidic environments and actual service
tests. Also, aluminum coatings can be usea at temperatures up to YbU°F,
whereas caamium is limited to 450°F. IVU aluminum coatings can be applied to
high-strength steel without fear of nhyarogen embrittlement. Aluminum cuatings
can ve used in  contact witn titanium witnout causing solig  metal
enbrittlement, and tney can also be used in contact with ftuels; cacdiium 1S
pronipited for these applications. Aacitionally, I1VL aluminum can be used in

space applications, wnereas cadmium is limited because of sublimation.




The coating requirements for 1VU aluminum are specified in MIL-C-oobtc,
the tri-service specification for pure aluminum coatings. After coating, the
parts are generally chromate-treated in accoruance with MIL-(-2541, This
provides additional protection against cerrosion, forms o good base for paint
adhesion, and is a common treatment for aluminum alloy surfaces. In virtually
all applications, IVD aluminum can replace caamium of equal thicknesses. It
can also be applied thicker than caamium where part tolerance permits; tnis

results in additional corrosion resistance.
C. SCOPE/APPRUACH

The Air Force corrosion control document, MIL-STO-1b00, allows tne
jeneral supstitution of IVU aluminum for cadmium un steel. rowever, the
designer or process engineer who considers a substitute for cadmium is
invariably facco witn uncertainties which are specific to its application.
Wwithout first-nand knowledge of all tecnnical ramifications or reference tu a
reagily available technical source, he may be reluctant to cnange to a
niffavent finish., It is often easier to maintain the status quo and thus lose
the aavantages the substitution may offer such as improved periormance &nu/or
the elimination of hazarcous waste production. This report, therefore, will
proviae a reaaily accessible technijcal aata source on the IVu aluminum ana

cadmium processes.

Tecnnical information from multiple sources is compilea in this report to
proviae a comprenensive comparison of tne performance of IVD aluminum to votn
tne requirements ot MIL-(-83458 and the performance of specitic caumium
processes. "oright," low-embrittlement, vacuum, and aiftfused nicsel-cacriui.
processes are incluaea in the comparisons as are several different corrcsive
environments. Tne innerent properties of 1vD aluminum are discussed as well
as its errect on substrate mechanical properties and fastener installation
characteristics. Intormation on the versatility of tne I[VU aluminum coating

ana rework procedures i1s also provided.




In addition to the tecnnical data presented in tais report, processinu
costs are addressed and an environmental impact summary is proviged. Finally,
rese.r :h and development programs are recommended for those few applications
where data is inadequate or adaitional researcn 1is required. As & single catz
source or hanabook, tnis report shoula provide virtually all the information
necessary to make an informea, sound Judgement on tne replacement ¢f cauiilu

processing with IVD aluminum.




SECTIUN 1

CUATING PRCPERTIES

A. COATING ADHESIUN

The basic reguirement for good adhesion of any finish 1s proper Cleaning.
The cleaning procedures for IVD aluminum and cadmium proCcessing are
essentially the same; both are adequate and should result in clean surfaces.
IVD aluminum, however, has tne advantage of an additional, final cleaniny
procedure which takes place during processing. Tnis glow aischarge cleaning
(ion bombarament), described in Section [{b), contributes to tne exceglient

adhesion exhibited by IVD coating.

Tne coating adhesion requirement of military specification MiL-L-oodbe Tor
IvD aluminum is comparable to the requirements for electroplated caanium anc
vacuum cadmium found in military specifications QQ-P-41lb ana #ilL-C-Sos/,
respectively. A1l  three specifications state that aagnesion snall e
determined by scraping the surface of the plated article to expose tne base
metal ana examining at a minimum of four diameters magnification Tor evigence
0T nonadhesion. As an alternative, a coatea test coupon can Dde clampec 1n a
vise and bent back and fortn until coupon fracture occurs. If ine eGye GT ine
fractured coating can be peeled back, or if separation between the coating ana
the base metal can be seen at the point of fracture when examinea at tour
aiameters magnification, adinesion is not satisfactory. Most wmetal finish
processors use tne bpend-to-break coupon test method. Unaer noraal congitions,
botn IVL aluminum and cadmium finishes meet the military specification

requirenients,

For parts sucn as fasteners that are coated oy barrel tumbling, tne
substitution of a randomly selectea sample in place of a test coupon 13
allowed (Reference 1,. Tne coated fastener head is crushed 1in & bench vise.
The adnesion requirenent is that there be no coating separation from the base
metal. IVD aluminum-coated fasteners easily meet this requirement; See Figure

C.




IVD Aluminum Coating
Adhered to Ripples
in Alloy Steel

3.6x 6.4x

Figure 2. Demonstration of IVD Aluminum Coating Adhesion.

vy

1 3dGiItion to tne reguired adhesion tests, moSt LWYu aluminu oo Cossors
vurnisn {peen; the as-appliea VU aluminum coating witn glass veads & wv ,57;
tNTI O S=rves 3s a sthiple, supplemental agnesion Cntos.  leo 3laifian
easily withstand burnisning pressures up to Yu psi whereas cnly «U psl resiii,
refluves  vacuulm  cadmium  coatings (Reference ). Tneretcre, 2ltncuen 1,0
alumingm and vacuum caamium test ejually wall using beng-tu-break CCuLins, ...
aluminun 1s  far superior to vacum cadmium  in resisting pariicic oo

Rorasion resistance is discussed in mere detail later in Section [liny.

Table 1 shows acditional results of adhesion tests on IvD aluminuu-coates
steei and aluminum alloy panels. Tne test was Congucted Lo oval.ite Une
erfect of chromauing on peened ang unpeened coating surfacec.,  Kesuils S

eaczllent adnesion under all conaitions (Reference J5j.

Anotner measure of aghesiun is tne oonu tensile strencin bDetween e Do

aluminum coating and tne substrate. Tne tensile strengin of iy aluiinu, &s




TABLE 1. EFFECT OF PEENING AND CHROMATING ON IVD ALUMINUM
COATING ADHESION.

Test Adhesion Test
Specimen.Chromate C%?\E:jti'tri\gn Bend-to- | Tape Along Peen Pressure (psi)
nversion Coatin
Conversion Coating Break Fracture 50 [ 20 | 60 | 80 | 100
Alodine 1200
SteelNo. 1 Unpeened E E £ E £ E M
Peened E E E E E E E
SteelNo 2 Unpeened E E E E E E S
Peened E E E E E E E
Aluminum Unpeened E E E E E E E
Peened E £ E E E E E
Iridite 14-2
Steel Unpeened E £ E E E E E
Peened E E E E E E E
Aluminum No 1 Unpeened E E E E E E E
Peened E E E E E E E
Aluminum No 2 Unpeened E E E E E E E
Peened E | E E E | El E | E
Key
£ o elient Adhesion
5 Trace Non Aghesion
M- Margina Non Agbes.on
snowh an Tabie <, ranges troin o,edlU psil o tu values greater tnan 1o, uliv psi
WSS 3 Sebastlaen puill tester. In tn1s Test (ReTerencs «;, Two SLulS vl
LoTiueeld T S TEST ptnd oy eaerUing tensiie loaos. Taoo IS wur= test
Torm waon COATAhg LR Tares s il o senatrate o aoateryal

TABLE 2. ADHESIVE TENSILE STRENGTH OF IVD
ALUMINUM COATING.

Specimen Tensile Strength (ksi)
Panel 1013 932 1028 ‘1027 10 32
One 9 80 8 30 10 21 985 '10.32
Panel 10 30 8 80 9 94 "6 82 ‘10 32
Two 9 66 927 10 30 824 10 31
A The SOnant g aResn e et vy Ay e

AN g e et od T

Wit e

Greeater than

Ll TR AT Tl e et e




In summary, Table 3 compares tne aanesion performance of IV

caamium finisnes for various test procegures.

In general,

equal to electropiated caamium and Superior to vacuum cadinlum.

TABLE 3. ADHESION OF IVD ALUMINUM VERSUS

CADMIUM FINISHES.
Adhesion IVvD Electroplated Vacuum
Test Aluminum Cadmium Cadmium
Bend-to-Break Excellent Excellent Acceptable
Tape Test Excellent Excellent Acceptable
40 psi Glass Excellent Excellent Fail
Bead Peening

B. CUATING COVERAGE, UNIFURMITY, AND THICKKEOSS

Tne IVD process providges excellent cocting coverace anc uniroro it
not limited to line-of-signt cCcverage and can  procuce  Coatin “
tnicknesses up to several mils. Tne IVD aluminum coating dees not L DN
run off  snarp edges reygaraless  of  coating  Ln1CKness. i
electroplated caamiuin builas up on sharp edges and 15 NCwmila, 170,
unger 1 wil of plating tnickness. VaCuun CaGmiumn 1s 117iTed Lo 2olul o0 0
coating thickness due tc stress Lullgup on Sharp ecnect.

Table 4 shows the typical uniformity of 1vU aluminuws on 4- SERANEE .
stee] certification panels ceatea in the IVD aluminus Coater o '
kobins ALL (Reference 5). Tne details wer2 affizec U3 STl
holCing reck.  @il-L-cob4co requlires & minimuh Zoaling tnliaress 7
Llass 4 coatings (nominally 0.3 to U.5 mil), a minimum OF .2 i, "or _oas

coatings (nominaily 0.5 to 1.0 mil), an¢ & @mintmum 1o
coatings (nominally 1.U to <.u mils;.

Figure 3 snows tne uniformity cof ivu alusiinus Coating
giameter Dy lb-incn long warneac detall tur ine GGovy's T
Laser-guided Projectile. Tne detarl was fTixturegd Lo o4 rot:

rack.

1iu

- T N s
LUood bt T

aiuming
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TABLE 4. IVD ALUMINUM COATING THICKNESS AND UNIFORMITY.

Coating Thickness (mils)?®
Specimen | Coating A A
Number Class ; verage i verage
Side A (Side A) SideB (Side B)
9 1.70,1.76,1.82,1.88.2.16 1.86 1.22,1.34,1.30.1.34,1.34 1.31
10 ] 1.76,1.88,1.70,1.82,1.88 1.81 1.30,1.30.1.07,1.34,1.34 1.27
11 1.82,1.88,1.76,1.82,1.95 1.85 1.30,1.18,1.30,1.26,1.30 1.27
12 1.82,1.88,1.64,182,1.76 1.78 1.39.1.34,.1.22.1.44,1.34 1.35
5 0.61,0.63.0.54,0.78,1.07 0.73 0.59,0.59.0.74,0.51.0.43 0.58
6 5 0.83,0.59,0.59,0.63,0.74 0.68 0.92,0.51,0.45,.0.53.0.59 0.60
7 0.65,0.73,0.54,0.59,0.69 G.64 0.65.0.59,0.48,0.54.0.65 0.58
8 0.49,0.55,0.51.0.61,0.63 0.56 0.65,0.76,0.58,0.66,0.66 0.66
1 0.45,0.46,0.43,0.49,0.51 0.47 0.38,0.42.0.37,0.40.0.41 0.40
2 3 0.37,0.39,0.46,0.47,0.54 0.45 0.44,0.40,0.46,0.41,0.49 0.44
3 0.48.0.47.0.44,0.48.0.44 0.46 0.52,0.45,0.33.0.38,0.41 0.42
4 0.50.0.61.0.45,0.46,0.44 0.49 0.38,0.41,0.43,0.54,0.42 0.44
a Coating thickness measurements were obtained using the Magne-gage mstrument
b Measurements were taken 1 1 in from each corner and n the center of the 4- by 6-in. panels
- 15in. >
r
E | 1.05 0.93 0.88 0.96 0.90 0.96 A
F [ 1.15 1.05 0.85 0.88 0.0 0.96 B 5in.
G | 1.15 1.08 0.81 0.88 1.02 1.05 C Dia.
H | t.02 1.15 0.81 0.85 0.96 1.02 D
A
0.93 B
1.02E G0.95
A Coating thickness measurements
taken at 90° Increments. All readings D
are in mil.

Figure 3. IVD Aluminum Coating Thickness and Uniformity on a Cylindrical Detail.
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The uniformity of IVD aluminum on regular surfaces 1is approximatel, *iIC
percent of the median tnickness. Of equal importance is tnat tne IVD aluminum
coating thickness on the edge of a detail is virtually the same as tnat on tne
rest of the detail. Figure 4 snows tne excellent tnickness uniformity petwéen
the flat surface and the edge of a gas turbine engine blade. As shown in ine
figure, tnere is no buildup or tninning of the coating on sharp eages. In
excellent uniformity of IVD aluminum does not depend on coating thickness

4]

(Reference 6).

Blade Surface Blade Edge

Figure 4. 1VD Aluminum Coating Uniformity on a Turbine Blade.




Metallic processing in general is limitea in the coverage ot internal
surfaces. tlectroplatea cadmium, nowever, can generally be fixtured witn
internal anodes for coverage of internal surfaces easier and more economically
than IVD aluminum. The IVD aluminum process witnout special fixturing, will
effectively coat internal surfaces to a depth of at least one aiameter
(Reference 7). An effective coating for most applications is considerea to De
a 0.3 mil (Class 3) coating or thicker.

The use of a complementary process, such as sacraficial aluminum-baseu
paints, is recommended for complete coverage of those recess surfaces wnicn
exceed tne practical limitations of IVD aluminum processing. Tne use of IVU
aluminum in combination with other compatible processes to protect internal
surfaces is a recommended research program aiscussed in Section XII(AJ.

A barrel accessory for the rack coater can Le usea fur economicaliy
coating small details such as fasteners. The excellent IVD aluminum coating
uniformity of indiviaual fasteners ana the thickness variation throughout tne

a)

loaa are shown in Figure 5 anu Table b, respectively (References 8 and Y.

Table b summarizes the comparison of coverage, uniformity, anu tnickness
petween IVD aluminum and cadmium. IVU aluminum is clearly superior in tne
area of coating uniformity on edges. It can also be easily appliea thicker

tnan cadndun wnich contributes to corrosion resistance.

C. SURFACE SMUOTHNESS

witn tne IVu process, tne aluminum vapor cloua is partially icnizea in tne
argyon gas glow discnarge that surrounas tne part being coatea. Tnis, in
addition to collisions with the positively charged argon gas ions, accelerates
the aluminum toward thne part surtace. Tne result is an adnerent coating that
replicates the surface ot tne part ana mirrers its surface smoothness. Trils
tendency begins to diminisn slightly, nowever, as tne coating tnicxness
InCreases and i1ts columnar structure becomes more pronounced. Tneretore,




Thickness Uniformity on individual Fasteners

3M387-4-11 3M387-5-11
Recess 0.00037 in. Recess 0.00050 in.
: - e .

Head 0.00055 in. Head 0.00050 in.

Shank 0.00050 in. Tlr? Shank 0.00C50 in.

" " ————r D e — -
Crest 0.00051 in.
Crest 0.00049 in.
4 o
3 - . PR
| —— 5 L P

Root 0.00037 in. Root 0.00037 in.

Note Fasteners randomiy selected from production coaling run.

Figure 5. Typical IVD Aluminum Coating Uniformity of Barrel-Coated Fastners.




TABLE 5. IVD ALUMINUM COATING THICKNESS VARIATION
THROUGHOUT A PRODUCTION SIZE LOAD OF

FASTENERS.
Fastener Coating Coating Thickness Tﬁ;’;{ﬁg: s
Number?. b Class (mils) (mils)
1 3 0.44, 0.55, 0.47, 0.34, 0.62 0.48
2 0.77, 0.44, 0.45, 0.62, 0.59 0.57
3 0.77, 0.35, 0.44, 0.71, 0.56 0.57
4 0.65, 0.35, 0.47, 0.44, 0.35 0.45
5 0.87, 0.30, 0.52, 0.44, 0.47 0.42
6 0.66, 0.46, 0.56, 0.61, 0.40 0.54
7 0.37, 0.32, 0.53, 0.43, 0.58 0.45
8 0.61, 0.39, 0.31, 0.30, 0.55 0.43
9 0.36, 0.44, 0.50, 0.33, 0.37 0.40
10 3 0.46, 0.58, 0.38, 0.38, 0.38 0.44
a Fasteners randomly selected from production size run
of 150 Ib of fasteners/barret.
b Hexagon head fasteners are 3/8 in. diameter x 2.7 in. long.
TABLE 6. COMPARISON OF IVD ALUMINUM
AND CADMIUM PROCESSING.
Finishing Property IVD Aluminum Cadmium
Coverage
External Surfaces Excellent Excellent
Iniernal Surfaces Limited Limited
Uniformity
Smooth Surfaces Excellent Excellent
Sharp Edges Excellent—No Build-Up Ptating Build-Up
or Run-Oif
Thickness 0.0003in.t00.0030in. 0.0002in.to - 0.0010in.
for Electroplate
0.00031n.t00.0010N.
for Vacuum Cadmium

surface smootnness is affected both by part preparation prior to coating as
well as by the coating itself. Tnese factors, as well as the part postcoat

treatment, will be reviewed in this section.

McUonnell Aircraft Company (MUAIR) evaluated tne effect of grit size anu
grit meaia on tne smoothness of IVU aluminum coatings (Reference 10}. Alloy
steel panels were grit-blastea with ¢c¢U-, 4U0-~, ana buUU-niesh aluminum oxidge at
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a pressure of 50 psi. In addition, some panels were grit-blastea witn <z0-
mesh aluminum oxide, then peened with either BT-10 or the finer bl-15 glass
beads. All panels were then IVD aluminum-coated to an average thickness oui
0.4 mil. The surface rougnhness, before and after 1VD aluminum coating for
various surface preparations, is presented in Table 7. These tests snowed
that:

0 Surface smootnness was virtually unchangea by the relatively tnin
(0.4 mil) IVD aluminum coating.

0 The columnar structure of the IVD aluminum coating became finer and

closer knit with smoother substrate surfaces.

TABLE 7. EFFECT OF SUBSTRATE SURFACE PREPARATION ON IVD
ALUMINUM COATING SMOOTHNESS.

Surface Roughness {uin.)

Before IVD After IVD
Surface Preparation Average Total Average Total
Roughness Profile Roughness Profile
Height® Height® Height® Height®

Grit Blasted. 220
Aluminum Oxide Grit,
50 psi 36 250 34 180

Grit Blasted, 400
Aluminum Oxide Grit,
50 psi 16 130 14 150
Grit Blasted. 600
Aluminum Oxide Grit,
50 psi 10 100 8 60
Grit Blasted. 220
Aluminum Oxide Grit,
50 psi: Glass Bead Peen
BT-10, 40 psi 32 200 34 250
Grit Blasted, 220
Aluminum Oxide Grit,

50 psi; Glass Bead Peen,
BT-13,40psi 32 220 30 205

a Average Roughness Heightis the RMS average de*1ation in junches measured normal to the roughne: s centerhine
b Total Profile Height is the distance in winches from the lowest point 1o the highest point on the surface

14




In another test, MCAIR determined the effect of grit blasting, 1VD
coating, and subsequent glass bead peening on the smoothness of IVD aluminum
coatings deposited upon smooth steel plates (Reference 11). The steel plates
were 16.25 inches in diameter and were niachined to a finish having a surtace
roughness of less than 0 microinches. The surface roughness before and after
grit blasting, after coating to approximately 0.6 mil, and after glass bead
peening at various pressures is presented in Table &. These tests

demonstrated that:

0 Grit blast cleaning witn 400-mesh aluminum oxide grit had virtually
no effect on the surface finish of tne part whereas tne standard <zU-mesn

aluminum oxide grit increased the surface roughness.

0 The IVD aluminum coating tended to mirror the surface finisn of tne
part although surface roughness increased on the average Z¢ percent atter
coating; tnis increase is not significant for most applications.

0 The surface roughness of the coating increased witn glass bead
peening because the relatively large impinging glass beeds cratereg tne

aluminum coating.

TABLE 8. SURFACE FINISH DATA FOR IVD ALUMINUM PROCESSING.

Grit Blast Data Surface Roughness (pin. RMS)®

Substrate After Glass Bead Peening (psi) Aver'fage
Grit Blast Aft : C_oatmg
Si;le Pressure | Before | After Coat?rr\g Thlck_||'1e§s

(psi) Grit | Grit 20 | 30 | 40 | 60 (mils)
Blast | Blast

400 35 17:21 1920 2222 40/40 - 57.58 — 0.54 0.55
400 35 19/19 1919 2726 4343 —_ — — 0.510.54
220 35 19.23 28 29 — 44:43 - 64 68 — ®0.57 0.59
220 35 17 21 2626 39:35 —_ 5355 — - bg.59 C.58
400 35 1927 1824 26 28 —_ 5052 — — 0.530.56
400 60 — 20 21 2223 3543 —_ 4854 | 65.77 0.57 0.60
220 60 — 24 28 2529 38 40 — 5256 | 6376 0.570.58

a First number given 1s Side 1 of each piate: second number 1s Side 2
b The four measurements from the outside edge of these plates were not used to calculate
the average thickness since they were not representative due 1o coating wraparound




After an IVD aluminum coating is glass-bead-peened, the surface roughness
is more dependent on the bead size and peening pressure tnan on part
preparation or the coating. BT-10 glass beads produce IVD coatings having a
roughness of approximately 50 - 70 microinches at 40 psi. OSmoother coatings

can be obtained by recucing the glass bead peening pressure anda/or media size.

MCAIR evaluated tne smoothness of 0.5 mil thnicxk “pbright" ana
low-embrittlement cadmium finishes on 4130 alloy steel panels. The steel
panels were grit-bDlasted with 1¢0-mesh aluminum oxige grit prior to plating.
Tne surface roughness of the steel panels before and after caamium plating and
after a hana burnishing with an abrasive nylon web paa is presented in Taple
J. These tests showed that the surface roughness of the parts after plating
was not significantly changed, and hand burnishing improvea surface smootnness

approximately 10 - 40 percent.

TABLE9. EFFECT OF POSTCOATING TREATMENT ON THE SMOOTHNESS OF
CADMIUM PLATING.

Surface Roughness (pin.)

Plating After Piating
. . -
Before Plating® | After Plating | Before Plating and Burnishing®

Bright Cadmium
Average Roughness Height? 87 85 87 79
Total Profile Height® 526 519 550 473
Low-Embrittlement Cadmium
Average Roughness Height® 83 87 56 32
Total Profile Height® 474 611 374 215

a All panels wwere gnt-blasted with 120 aluminum oxide gnt prior to plating.

b Average Roughness He:ght is the RMS average dewviation in pinches measured normal to the roughness centerline
¢ Total Profile Height ts the distance in pinches from the lowest to the highest point on the surface

d Burnished with an abrasive nylon web pad.

Smooth coatings, or those that can be polished until they are smooin, are
important 11n Jet engine applications. Protective finishes with low dadray

U

cnaracteristics minimize fuel consumption ana erosion in tne airflow sectign

(7

of engines.  MLAIR evaluated several methoas of polisning IvU aluminus
coatings (reference 1¢). Compressor blages, sections of a stator assesoly,
and alloy steel panels were IVD aluminum-coatea and tren polished as shown in
Figure 6. Photomicrographs of an  "as-coated" IVo aluminum surface, a

glass-peda-peened VD aluminum surtace, and two polisnc.. IVU aluminum surfaces

16




Compressor Blade - 1.5x 3.5 in. Section of Stator Assembly - Steel Panel - 1 x 4 in.
2x35in.

Figure 6. Typical Specimens for Polished IVD Aluminum Coatings.

are presentea in Figure 7. Surface finish information and comments on tne
polishing technique used are given in Table 10. These tests denmonstrdaiey tiat
VO aluminum coating can be polisned to a surface finish of less than <0
microinches. This easily satisfies requirements such as Pratt ana whitney
Specification 110-4 for coating smoothness on compressor and stator blades.
Tne tests also showed that IvD aluminum coatings can be polished to a surface
finish of 1U to ¢0 microinches without significant remcval ot tne coating,

even on the snarp leading or trailing edges of the compressor blades.

In summary, IVD aluminum coating and cadmium plating replicate tne surface
finisn of tne substrate. The effect on surface smoothness of U.5 mil tnick or
lesc IVD aluminum or cadmium finisnes is small. Surface smoothness of 1VU
aluminum coatings decreases as thickness increases. Both LvD aluminum coating

and cadamium plating can be polishea to produce smoother finisnes.

bU. TEMPERATURE

IVD aluminum can be wused in applications where service temperature
requirements are consiaerably higner than tnat allowed tor cadnmium.  1VU

aluminum can be useu at temperatures up to Yz5°F without any aaverse efrfects.
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IVD Aluminum Coating at 38 Microinch IVD Aluminum Coating Glass Bead

Finish (Substrate Surface Cleaned Burnished to 62 Microinch Finish
with 220 Aluminum Ox.de Grit (With BT-10 Beads at 20 psi)
at 80 psi) -

IVD Aluminum Coating Polished IVD Aluminum Coating Polished
to 18 Microinch Finish to 10 Microinch Finish

Figure 7. Smoothness of IVD Aluminum Surfaces Before and After Polishing.




TABLE 10. POLISHING DATA FOR IVD ALUMINUM COATINGS.

Finish ki . Polishing P
(in.) Polishing Media Compound “emments
18 1/8in. Microbrite BBO10 Highly Reflective Surface —
No Coating Removal on
Edges or Corners
36 Ceramic “F"~50%, 1/8in. Cylinders | 550 Flowthrough | Some Remaval of Coating
and 50%, 3/16 in. Cylinders atEdges
36 Plastic Cone—3/4in.Base, 3/4in. Acid Burnishing Moderate Polish—No
High, Tumbled Compound Surface or Edge Damage
10 Steel Balls, Tumbled Unknown Removed of Coating
atEdges —
Excellent Surface Polish
10 Porcelain; 3:16in. by 1.2in. Cone MA-30 Some Removal of Coating
atEdges
24 Steel Diagonals—3/16in. Soap Severe Edge and Cormer
Coating Removal
40 None IVD Surface as Coated
62 BT-10 Glass Beads Burnished at 20 psi

Caamium melts at 600°F but is usually limited to a 450°F service temperature
because of embrittlement that can occur at nigher tempcoratures. Above buu®r,
molten cacmium embritties hign-strengtn steel by grain boundary pev=2tration.
It has been shown, however, tnat cadmium plating can also cause cadmium

embrittlement at temperatures as low as 450°F on highly stressed parts.

Tne nigner VU aluminum service temperature nas Oeen & solution o
numerous finishing proolems involving applications above tne 450°F limit ror

cacmium. Tne following examplies are provided:

0 bL-y Main Lanaing Gear Piston Brake Flange bolt - For  this
nigh-strength steel detail, it was found that caumium plating melted, cnrone
plating galled, anu nickel plating 1imposed nydrogen enbrittiement problems.

The selection of IVD aluminum for this detail providea:

- Acceprable service temperature
- Acceptable installation characteristics
- No hydrogen embrittliement

- Acceptaoble corrosiun resistance
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0 DC-10 Aft Engine Hangers - For this 4130 alloy steel cetail subjectea
to a 800-900°F service temperature, an aluminum-filled paint-type coating was
originally selectea over diffused nickel-cadmium as tne best available nign
temperature nrotective coating. However, one airline reported (xeference 1%,
that i1t was necessary to remove and refurbish these mounts every 1500 to suuy
flight hours to retain adequate corrosion resistance. The amount cf time tne
aircraft was out of service for refurbishment was deemed to be prohivitive.
As a vresult, United Airline was tne first carrier ¢ install an [.u

aluminum-coated mcunt (see Figure 8).

IVD Aluminum Provides

» Corrosion Resistance at
Temperatures to 925° F

Figure 8. IVD Aluminum-Coated DC-10 Aft Engine Hanger.

Tneir first report after one year of service, about 3500 tflignt
nours, statea satisfactory performance. Tnis same nount now has over 10, Uuu
flignt nours of service without being refurpished (reference la). AS a result
of tnis performance, Uouglas Aircraft issued a letter to all DC-lu carriers
suguesting that tne engine mounts Le refurdishea with 1VD aluminum (Reference
19). United airlines, for one, nas haa tneir complete vl-1U fleet refursisned
vitn VD aluminun, and goeing is using IVD aluminum on tne engine wmounts or

tneir newest commercial aircraft.
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0 F-15t Landing Gear Assemblies - The F-15 lanaing gear components had
been cadmium-plated before the F-15E model which is heavier tnan preceaing
models. This adaed weight increasea the temperature of some landing gear
components during braking action to approximately 4b50°F. When testing
indicated possiole caamium embrittlement conditions, MCAIR recommendea a
change from cadmium to 1VD aluminum. The selecticn of IVD aluminum eliminatea
embrittlement concerns with solid metals as well as with hydrogen.

In summary, IVD aluminum nas twice the temperature capapility of caamium,
and there is no embrittlement concern.

t. ELECTRICAL

IVO  aluminum witn a supplemental chromate conversion coating s
electrically conductive. The coating meets the requirements specitfied n
MIL~C-81706 for the electrical contact resistance of aluminum alloy panels.
This specification requires that an aluminum alloy substrate treated witn a
class 3 material per MIL-C-5541 shall not have a contact resistance greater
than 5,000 microhms per square incn as applieo, anc 10,U0U microhms per sguare
inch after exposure to 5 percent salt spray for 166 hours. Tne electrical
measurements are made with an electroge pressure ot ¢UU pounds per sguare incn

(psi) applied to tne treated area.

In an effort to further quantify the electrical cnaracteristics of [Vu
aluminun, conductivity tests were performed by MCAIR (Reference lo). IVU
aluminum was applise to glass siiues anu tne concuctivity was comparea to tnat
or 110U-alloy aluminum wire that naag oveen melted and polisneu o previce 2
standara reference. These tests showea that tne [VD aluminum coating nas
approximately 4¢ percent of the conductivity of the bulk T1uU alloy. Tnis is
signiticant in tnat bulk aluminum 1s approximately tnree times more conauctive

than cadinium.

Tne Pratt & Wnitney Aircraft uroup also performed electrical tests on (VD

aluminum and otner commercially available finishes (Reference 17). Tne Vo
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aluminum coating displayed tne Towest electrical resistance witnin tn
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group whicn included diffused nickel-cagmium. Tnese finisnes n:l 1o 7ot
Ltemperature requirement of bUU°F wnich is above the 450°F temperdluare 11710 U7
standard electroplated caamium. Tne rougn order of magnituce reslinus aorwe
unable to pick up any resistance 1n tne IVD aluminum C0atings &S Snuwn L
portion of the data presented in Table 11.

TABLE 11. ELECTRICAL RESISTANCE MEASUREMENTS
TAKEN ON VANE SPECIMENS.

- Nominal Thickness | Electrical Resistance
Finish (mils) (ohms)
IVD Aluminum #1 1.5 0
(With Conversion Coat)
VD Aluminum #2 1.5 0
(With Conversion Coat)
VD Aluminum 2.0 0
(Without Conversion Coat)
Diffused Nickel-Cadmium 0.3-05 0.7
E-Nickel-Cadmium 0.7-0.8 0.3

Electrical conauctivity coupled with tne proven corrgsion resistancs o
IVD aluminum coatings has lea to its use in applications rejuiring oo
capabilities. These are discussed 1in aetail in Section VIi{mj. ivo ailurin.
1S used tor electrical bonding and eleCctromagnetic inlerTerents o piliot.
(EMIC).

F. COMPATIBILITY

The aluminum coating deposited by the IVD process exnibits tne =iz
composition as tne basic 110U aluminum alloy evaporant (refersncs do . 1
1100 alluy aluminum ana cadmium nave similar electrolytic solution potsr .,
-U.os and -U.z¢ volts, respectively, when neasured aualnst oo ST far.
calomel electrcae (Reference 1Y). Since mila carbun Steel M3y 3 Soi.iie
potential of -0O.5% welts, botn IVD aluminum ang cagmiuam provice sSacriTiis:
corrosiocn  protection in  aqueous environments, section  Lii Ioorarel T
corrosion protection providea to alloy steel substrates Oy  ive  Gial i

Cuatings and various cadmium platings.




Caamium finishes are prohibited on fasteners, fuel lines, ana vuther
components where they may come into contact with aircraft fuels (keference
¢0). In contrast, IVO aluminum coating is compatible with aircrart fuels ana
0oils. Additional information on the usage of IVD aluminum 1in contact with

fuels, oils, and other fluids is found in Section VI(F).

Caamium coatings are also pronibited from being in contact witn titanium
because solid metal cnorittiement may result. IVU aluminum is compatible with
titanium ana is used on aircraft to eliminate aissimilar metal problems
between aluminum and titanium structures. Additional information on tne usage
of IVD aluminum on titanium substrates is founa in Section VI(b).

VD aluminum coatings are more compatible for nigher temperature
applications than cadmium platings. IVD aluminum coatings can be uSedG at
temperatures up to Y¢5°F (compareu to 450°F for cadmium;. Alsc VL aluminum
ccatings are more compatiple for high-strength steel applications because
electroplated cadmiium causes hydrogen enmbrittlement problems; nign-strengin
steel parts must be embrittlement relievea by a long, high-temperature baxe.
No nydrogen 1s generatec during tne IVD coating process. Uiscussions on
nigh-temperature usage and on hydrogen embrittlement can be founa earlier in

Section [I(D) ana Section IV(Aa), respectively.

[VU aluminum  coatings ana cacmium tinisnes are bBotn Compaticie  witn
aircraft paint systems. Aaditional information on paint adhesion of 1ivD

aluminum ana cadmiium finishes is founa in Section [1(G).

Table 1¢ summarizes the compatinility or 1VD aluminum and caarium Tinisnss
for tne various applications reviewed. AS  showr, IvD aluminum s more

compatiole than cadmium.
G. TUPLUAT AUHESIUN
Topcoats sucn as paints, sealants, lubricants, etc. are used toc inprove

tne performnance of the underlying basecoat. For example, topcoats are usea 1o

improve corrosion resistance, improve erosion resistance, or cnange the




TABLE 12. COMPATIBILITY OF IVD ALUMINUM
AND CADMIUM FINISHES.

Compatible Cadmium IVD Aluminum
With Plating Coating
Jet Fuel No Yes
ltanium No Yes
Hydraulic Fluids and Oils No Yes
Temperature
Low (Up to 450°F) Yes Yes
High (450°F - 950°F) No Yes
Alloy Steel
Low Strength Yes Yes
High Strength Yes Yes
(Embrittlement
Relief Required)
Aluminum Alloy Structure Yes Yes
Paint Yes Yes

coefficient of friction of a finish system. Tne application ana successful
performance of any topcoat 1s dependent on basecoat qualities sucn as
coverage, uniformity, ana aanesion. IvU  aluminum is cnaracierizec oy
excellent adnesion, coverage (non line-of-sight), ang uniformity (no buildup
or run-off on edges) as discussed in Sections II(A) ana (B).

Paint primer and topcoat adnesion are generally of tne most intersst Tt
& l1tary and inaqustirial users. Aluminum alloy surfaces require a cnromate
conversion coating for acceptable paint adhesion. Tnerefore, paint adnesicn
to tne IVD aluminum 1100 alloy might be expected to be approximately tne sams
as paint aunesion to any otner aluminum alloy as long as botn are carcidte
converion coatea. In fact, paint adnesion to 1VDU aluminum is better than to a
wrougnt aluminum surface because of the structure of tne coating. 1vu
aluminum condenses trom tne aluminum vapor clouu onto the part surtace to form
a coating with a uniforn, columnar structure; see Figure Y. Altnougn tne Dase
layers of aluminum are dense ana relatively homogenecus, minute spaces vetween
adjacent columns are formea as tne columnar structure grows. AS a result, tne
paint system (and otner topcoats) can penetrate into these spaces. Because it
nas many anchor points, the paint topcoat will aahere to tne aluminum pasecoat.
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Surtace of
Aluminum Coating

Edge (Thickness)
of Fractured
Aluminum Coating

Fractured
Steel Substrate

Figure 9. Scanning Electron Photomicrograph of the IVD Aluminum
Columnar Structure.

MCAIR evaluated the penetration of an epoxy primer into the columnar
structure of an IVD aluminum-coated fastener (Reference ¢1). The fastener was
sectioned through tne threads ana one piece was etched in a 10 percent sodium
nhyaroxide solution to dissolve the aluminum. A scanning electron microscope
examination of this etcned system showed a skeleton of primer extending well
into the 1VD aluminum coating. This test verified that topcoat penetration

into tne IVD aluminum columnar structure ¢ia occur to ennance adhesion.

The Boeing CLompany evaluated paint aanesion on flush heau fasteners
installed in an aluminun alloy panel. A U.5-0.&6 mil thick layer of BMS 10-7¢
primer followed by a 1.5-¢.0 mil thick layer of BMS 1U-00, Type Il enamel was
applied to tne heads ot IVD aluminum-coated ana cadmium-platea fasteners. Ine
paint system was cured for seven days at 70 + 5°F and 4U percent relative
numidity. Tne adhesion of tne paint system was evaluated ary and wet, after a
7- day soak in distilled water at 70°F. Boeing reportea satisfactory paint
adhesion on the IVD aluminum- and caamium-finished fastener heads, potn vefore

and atter the water soak (Reference ¢¢Z).
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The real verification of paint adhesion 1is the tens of thousanas of
aircraft parts coated witn IVD aluminum now in service. Prouuction experience
has shown that adnesion of the various paint systems to IVD aluminum basecoats
required virtually no in-house rework. In the 1z years painted parts have
been installed on aircraft, few, if any, paint adhesion problems nave been

reportea to MCAIR from tne military services.

Sometimes cetyl alcohol or dry film Tlubricants are wused on 1VD
aluminum-coated, threaded parts during the installation of nuts or auring tne
installation of the coatea fasteners into close tolerance noles. Tnese and
most other commonly used aircraft Jjubricants are compatible with aluminum.
Tne use of lubricants is discussed in more detail in Section V ana XxII(C).

Anotnher example where IVD aluminum s wused as a basecoat 1s tae
application of ceramic sealcoats. WMetallic-ceramic coatings per MIL-C-51751
are used to protect steel parts from corrosion by botn the ALCs on engine
parts and NAVSEA for various marine applications. Tne two-part cocating system
consists of a sacrificial aluminum paint basecoat ana a ceranic sealcoat.
Such coglings include those under tne commercial naites alseal aylan~ ang
5erm§fiig> The use of IVU aluminum as the sacrificial aluminum baseccat ana
xyla 101 as tne ceramic sealcoat proauces a metallic-ceramic coating tnat
easily meets the 1000 hour corrosion resistance in neutral salt fog requirsa
by MlL-t-01721. figure ]G shows two alloy steel rasteners, still grotectec
with IVD aluminum/Xylar~ 101 after 16,000 hours in 5 percent neutral salt

foy.

Figure 10. Alloy Steel Fastener With IVD Aluminum and Xylar® Topcoat
After 17,952 Hours of Neutral Salt Fog Exposure.
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IVD aluminum provides a superior basecoat because it covers uniformly, does
not build up or run off edges and adheres significantly better tnan the
aluminum paint basecoats. Insufficient coverage on edges and poor aanesion
are field proplems for many metallic-ceramic coatings. Initial testing of IVD
a]uminum/Xylan) 101 by MCAIR (References ¢3, 24 and ¢5) shows promise ftor

its use to increase corrosion resistance and enhance erosion resistance.

In summary, the aahesion of topcoats to IVD aluminum can be categorized as
excellent. This is due to the inherent qualities of tne IVD aluminum coatiny
including its coverage, uniformity, adhesion, as well as its columnar
structure which allows topcoat penetration.

H. EROSION RESISTANCE

goth IVD aluminum ana caamium are soft coatings ana are not particularly
well suited for erosion resistance when usea by themselves. wnevertheless, 1vD
aluminum will outperform vacuum cadmium 1in resisting abrasive forces ana
diffusea nickel-caamium when subjected to an erosion/corrosion environment.
In aadition, IVD aluminum has aavantages over caamium for sucn  an
application. First, [VD aluminum can be economically applied thicker tnhan
caamium ana, therefore, outlast caamium when subjectea to abrasive Torces.
Secona, IVD aluminum 1is well suited to being overcoatea with aorasion
resistant materials. Research to improve the erosion resistance ot IVo

aluminum with topcoats is discussed in Section XII(E).

Although the aahesion of IVD aluminum ana vacuum cadmium test equally well
usirg bena-to-break coupons, IVD is far superior in resisting abrasive
particles. This is important in that IVD aluminum and vacuum cadmium coatings
are often usead on fixed and rotary wing aircraft landing gears, because
neitner process causes hydrogen enprittlement of tne hign-strength steel
getails., However, for such applications, tne coatings are supjectea to
abrasive medaia during takeoff and landing operations, and the superior IVD
aluminum coating will require less maintenance. MCAIR comparea the erosion
resistance of vacuum cadmium ano IVD aluminum using both g¢lass ULeads and
aluminum oxide grit (Reference ¢o6). Figure 11 shows the superiority ot 1vU

aluminum in resisting abrasive particles.
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IVD Aluminum : 1 ] IVD Aluminum

. Glass Beads 220 Grit

§ .
VAC CAD r VAC CAD

No Coating No Coating

Glass Beads 220 Grit

Nozzle 6 in. away at 40 psi

Figure 11. Erosion Resistance of IVD Aluminum Versus Vacuum Cadmium.

In tests conducted by Pratt and whitney (Reference 17, IVD aluminum with
a standgard chromate conversion coating was shown to eroae faster than ine
‘ combination coating of difrusea nickel-caamium. However, because tne IVD
| aluminum coating was applied thicker (1.5 mils vs 0.7 wils), there was
adequate IVD aluminum remaining at the conclusion of the test. More
importantly, IVD aluminum provided better protection to tne substrate as the
erosion process occurred. With diffused nickel-cadmium, the ceamium erodes
very rapidly, leaving only the nickel <coating which offers no anoaic
protection to tne substrate. In fact, subsequent testing by Pratt ana Whitney
snowed IVD aluminum to be tne best coating testea on 4l10-alloy steel.

Speciftically, IVD aluminum outperformed wovoth aiffusea nickel-cadmium ana
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Emplate nickel-422/caamium in an erosion/corrosion environment. Tnis was true
for IVD aluminum samples supplied both with and without a standard chromate
conversion coating, and a sample supplied with a Chromalloy proprietary

conversion coating.

In other testing of coatings for fire retardation of titanium turbine
engine blades (Reference ¢7), the erosion rate of IVD aluminum was shown to be
sligntly higner tTnan a CofDination CLuallng 07 platinum/copper/uniae, 07
90-degree and 60-degree angles of incidence, but actually Tlower for the
30-degree angle. Erosion, therefore, was not detrimental o the potential use
of IVD aluminum for that application.

In addition to the above, IVD aluminum was successfully tested in both the
laboratory and in fiela service by Westinghouse for wuse on steam turbine
blaues (Reference 2& and 29). IVD aluminum has subsequently been put into
production for tnis corc/osion/erosion application. Tnese tests are aiscussea
in more detail in Section I111(B).

The foregoing establishes that 1Vu aluminum, although neither it nor
cadmium should be considered an abrasive resistant coating, does in fact
outperform caamium in sucn applications. Furtner, IVD aluninum is equal to or
better  tnan tne combination diffused nickel-cadmium coating Tor
corrosion/erosion applications. Tne primary reason for its superior
performance 1is that it can be applied thicker, ana also it provides
sacrificial corrosion protection throughout its entire tnickness during the
erosion process. Therefore, the substitution of IVD aluminum for cadmium
snould not be impeded because of an erosion resistant requirement except wnere
thin IVD aluminum 1is required because of tolerance requirements. In thnis
case, abrasion resistance supplemental topcoats offer potential as aiscussea
in Section XIIL(B).
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SECTION 11

CORROSION RESISTANCE

A. MIL-SPEC REQUIREMENTS AND TYPICAL TEST RESULTS

Mititary Specirication MIL-U-83485 estabisni€sS one reyuireéienis for
coating low alloy steel, stainless steel, aluminum alloy, and titanium alloy
parts with high purity aluminum using the ion vapor deposition process. It
jidentifies three classes and two types of coatings. Class 1 coatings are tne
thickest and are generally usea because they provide the best corrosion
resistance. Class ¢ and 3 coatings are thinner and are generally useg ftor
parts with tolerance limitations such as fastener threads. Type 1 1is "as
coated.” Type II has a supplementary chromate treatment in accordance witn
MiL-C-5541 and 1is recommendea because the chromate provides aaditional
corrosion protection. It also forms a good base for paint achesion ana 1s 2

common treatment for aluminum surfaces.

MIL-C-83488 requires that "a ranagom sample of two articles shall be taxen
from any inspection lot at a minimum of once per month or two separately
coated specimens (of 4130 alloy steel) shall be prepared (cleaned ang coated
as a typical proauction loaa) to represent an inspection lot." Tne sclecteu
specimens are tested in a neutral salt fog environment per ASTM Method bll7 to
establisn the corrosion resistance of the aluminum coating. MIL-C-83400
specifies tnat tne test specimens "shail show no evidence of corrosion cof the
basic metal when exposed for the perioa of Uime shown in Taple 15."

buring the early 1Y70s, the IVD aluminum coating process had advanced at
the Mcbonnell Aircraft Company (MCAIR) from a laboratory to a pilot production
status. Full procuction use began in 1976. Since that time, tnousanas ot
parts for the F-4, F-1b, F-18 and AV-&B aircraft have been processea. PMinmlr
has tnree production coaters in-house to support their extensive use of IV0
aluminum coatings. Once a month for each coater, two 4- by 6-inch, 4150 steel
specimens are IVD aluminum coated to each of the three thickness classes.

These process control specimens are sent to the (uality Assurance iaboratory
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TABLE 13. MINIMUM REQUIREMENTS OF MIL-C-83488 FOR
NEUTRAL SALT FOG EXPOSURE.

Minimum Salt Fpg
Coati Test Requirement
Class oating

Thickness Type 12 | Type IIb

{in) (hr) thr)

1 0.0010 504 672

2 0.0005 | 336 504

3 0.0003 168 336

1

a Type | - as coated
b Type Il - with supplementary chromate
treatment

for corrosion resistance testing. Some z00C specimens nave been testea since

1970 (Reference 30). A1l of the specimens nave met M[L-C-834co requirements.

In adaition tc montnly in-house corrosion testing in support of aircraft
proauction, MCAIR also requires thct all new suppliers of tnhe IVD aluminum
coating process provide specimens for testing. Four IVD aluminum-coated
4-incn by o-incn, 4130 steel panels are reguired for each of tne tnree
tnickness classes. The specimens are submittea to the laboratory to verify
that the supplier can produce coatings tnat will satisfy tne corrosion
resistance requirements of MIL-C-63485. Since 1976, over 30 supplier coaters
have been certifieu (Reference 31). Unce a supplier bpecomes certified as an
approved source, he must perform monthly corrosion resistance tests to the
MIL-SPEC requirements. Suppliers nave not reported any problems meeting tnese

conditions.

MCAIR's laboratory research with 1VD aluminum coatings providges an
additional source of corrosion test aata. Lorrosion resistance has been
measured and recorded for most coating cycles conducted in the lancratory.
These coating cycles incluue larye numbers of steel prototype parts tur MCALR,
other companies, and the military services. Subsequent reports or corrosion
performance by these external sources provide an important substantiation cof
MCAIR testing.
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The compilation of information over the past agecace from proguction
activities, laboratory evaluations, and independent testing has proauced «
unique and extensive data base on the corrosion resistance of 1VYu aluminum.
From this data base, a well substantiated, typical performance level for eacn
class of the IVD aluminum coating can be established.

An examination of the MCAIR data base was made for those specimens testead
to failure in a 5 percent neutral salt fog environment. Failure 1s
considered to have occurred at the first sign or red rust whicn results when
the IVD aluminum coating 1is depleted to the extent it can no Jlonger
sacrificially protect the steel substrate. Soie  YUG data points were
randomly extractea for 4130 steel test panels representing nand-tixtured
details and alloy steel NAS bu4 fasteners representing barrel-fixturec
details. For the test panels, there are 148 data points for C(lass |
coatings, 167 for (lass ¢, and 56 for Class 3. For tne test tastfeners, tnere
are 13 data poinis for Class 1, 37 for Class 2, and 204 for Class ..

The MIL-C-83468 corrosion resistance r2quirement and tne average time 13
failure for the three VD aluminum coating classes are shown in Figure |

e

IVD aluminum performs extremely well. Class 1 coatings average approximately
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Figure 12. Average Test Re- ults Versus Minimum Requirements of Mil-C-83488.
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900U hours ana Class III coatings about 1000 hours in the 5 percent neutral
salt fog environment. Un the test panels, the average corrosion resistance
of Class 1, ¢, ana 3 IVU aluminum coatings exceeds the requirements of
MIL-C-83488 by a factor of 13.¢, 5.8, and 2.4, respectively. Fo. tne test
fasteners, the average corrosion resistance of Class 1, 2, ana 5 IVD aluminum
coatings exceeds the requirements of MIL-(-83488 by a factor of lz.¢, o.1,
and 3.0, respectively. The correlation between the test panels and fasteners
cloce and provides an aaaitionzl level of confidence in the test aqata,
Figure 12 shows a plot of corrosion-resistance data points for the neutral
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Figure 13. Corrosion Resistance of IVD Aluminum In Neutral Salt Fog.

salt tog environment. The curve fitting the data gives average values o
corrosion resistance for tne [VD aluminum coating over & wide range of
thicknesses. Une advantage of IVD aluminum versus cadmium is that it can
e€asily be applied mucn thicker anu therefore provides increased corrusion
resistance. As shown from the curve, typical corrosion resistance of iVu

aluminum ranges from approximately SUuU nours at | mil to 14,000 hours at




2.3 mils. Also note that the lowest aata points for the (lass |, 2, &nc o
tnickness ranges are ¢088 hours, 576 hours and 336 hours, respectively.
Tnese are all equal to or above the MIL-SPEC requirement. Tne curve 1S a
useful design tool and also can be used to cneck the quality of processiny
procedures. For example, if quality control test values for a particular
thickness consistently fall below the curve value, it mignt be surmised that
processing procedures are not up to standard.

B. COMPAKISONS TG CADMIUM PROCESSES

The corrosion resistance performance of IVD aluminum nas been compared to
the varcicus cadmium processes on alloy steel substrates by MCAIR and otners,
including the military services. The comparisons have generally Deen made
for eitner neutral salt fog, acidic salt fog, or outdcor environmental
exposures. In addition, IVD aluminum ana cadmium finishes nave been compared
in several specialized test environments. Tnese cciparisons, leac to tne
cenclusion that IVD aluminum can replace all caamium processes witnout
exception,

Electroplatea caamium ("brignt cad") proviages the best corrosion
resistance of the cadmium processes and is used for most general
applications. The more porous electroplates cadmium  process, Tew-
celritticaent raanium (“aull cad"), ana vacuum cadmium are normally useu 10
place of “pbright cad" on hign-strength steel details to control rydrogen
embrittlement. Tne diffused nickel-cadmium process is normally usea for
nigner-temperature applications (up to YO0U®°F) ana/or rtor applications
rejulring better ergsion resistance. Uther caamium  processes,  Such  as

titanium-cadmium, usually fall within tne range of tnese four finishes.

Tne following general statement can be maade wnen comparing the corrosion
resistance of IVu aluminum to tne most corrosion resistant cadmium grocess,

o

uright cag":
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For equal tnicknesses, "brignt cad" protects alloy steel better than 1vu
aluminum in the neutral salt fog environment. VD aluininum, nowever,
performs well in tnis environment and protects alloy steel better tnarn
"bright caa" in acidic salt fog environments and in most outacor
environments,

Major aavantages of IVD aluminum are its 950°F service temperature and
the fact that it does not cause hydroygen embrittlement. Therefcre, it can be
applied to steel details of all strength l.vels without limitation. In
adaition, with the IVD aluminum process, coating thicknesses up to severa
mils can pe applied. Thicknesses are generally limited to a mil or less witn
the <cadmium processes. The added corrosion resistance of tnicker [vu
2luminum for tnose applications where part tolerance permits adcs to 1ts

merits.
1. Neutral Salt Fog Exposure

IVD aluminum performs well in neutral salt Tog as daocumentea 1in
Section IIl{A}. however, "brignt caa" at equal tnickness perforis even
better., On examining test reports comparing the corrosion resistance of [VD
aluminum versus the other three cadmium processes, some conflicting
conclusions were encouniered. In general, however, it can be concluged that
tne performance of IVD aluminum is essentially equal to those [rocesses In

tne neutral salt fogy environment.

o IVD aluminum versus "bright cad" - The following aobreviatea
sunmaries of test results reported by others sinuw satisfactory pertformance
for toth finishes in the ASTM B117 neutral salt fog environment:

(1) SPS Tecnnologies comparea "bright caa" anc IVD aluminum on
Mo¢1250-04-018 alloy steel bolts for 500 hours in neutral salt ftoc. SP»
reported that tne IVD aluminum coating and the cyanide (bright) caamium

pla=ing provided equal protection to tne alloy steel doits (Reference oe¢j.

(¢) Tne Carter Carburetor Uivision of ACF Industries exposed

alloy steel springs protected by both 1VU aluminum and “brignt caa" to
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neutral salt fog for a total of 9¢0 hours. Similar to tne P> report, Larler
Carburetor reported that IVD aluminum and bright cagmium Coatings Lruviced

equal protection to the springs (Reference 33).

o IVD aluminum versus low-embrittlement cadmium - VaCuur proCesSses
such as IVD aluminum ana vacuum cadmium do not cause nydrogen emoritilement
and are often used to protect high stre.gun steel parts from Corrcsichn. o
"dull cad" plating with proper postprocess baking for emprittlesent reii=? s
also satisfactory. Landing gears are typical of the hign-strengtn cCmponefils
protected witn these processes.

Landing gear finishes are often subjected to scratines or Ui

<
—
4
W
{
C

agevelopment of voias from depris hitting tne gears auring taxe
lundings. These damaged areas can then pecome corrosion sites. MUAIx Testieg
IvD aluminum anag "aull caa" finished panels with defects of varicus s12:s
purposely introduced to simulate wnat might occur on lanaing gears. in=se
parts were then subjected to neutral salt fog testing for 5¢b hours. rirmin
reported in Reference 34 tnat IVD aluminum was slightly superior tc tne “cull
caa" plating.

o IVu aluminum versus vacuum cadmium - Like "“aull caa," vacuusn
cadgmium is primarily usea for nigh-strength steel applications. The
pertormance of IVD aluminum compares favorably with vacuun caghiam in reuiesi
salt fog. The following are test report summaries: -
(1) SPS Tecnnologies compared IVD aluminum and vacuum C2ITiuel o

the lt.,‘

-t

H-11 bolts Ttor 5UU nours. Tney reported 1In Reference s¢ ina
aluminum coating provided better protection to the nigh sStrengtn steci

bolts. Tne test specimens after exposure are shown in Figure la.

(¢) MCAIx comparea IVD aluminum- ana vacuum-cadgmium-coates =12y
alloy steel panels 1in neutral salt tog for b5HU0 ncurs. A portion of tne
coatings nad been purposely removed in a dragonal Strip across each pane
surface to observe tne sacrificial nature of the coatin... In tnis case, tns
test results snowed tnat the vacuum caamium coating proviadea more orotection

to the steel panels tnan the VD aluminum coating (Reference 5o).
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Vacuum-Cadmium-Coated H-11 Bolts

Figure 14. VD Aluminum- and Vacuum-Cadmium-Finished Afloy Steel
Fasteners After 500 Hours of MNeutral Salt Fog Exposure.
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o IVD aluminum versus diffused nickel-cadmium - Nickel-caamium is
primarily used for engine applications. The following abbreviated summaries
are from company reports comparing IVD aluminum and nickel-cadmium in the

neutrél salt fog envivonment:

(1) Pratt & Whitney Aircraft tested 1IVD aluminum  and
nickel-cadmium finishes on AMS 63zz bolts for 1800 hours per ASTM bl1/. Tney
reported in Reference 36 that the nickel-cadmium plated fastener was severely
corrodea. Corrosion of the IvD aluminum coated fastener aia occur, but it

was not as severe.

(¢) In another test, Pratt & Whitney compared IVU aluminum ang
nickel-cadamium finishes on AMS 63z¢ and AMS b3U4 bolts. Tne Dolts were
exposed to neutral salt tog for 76 hours. Again, IVD aluminum proviceg

better protecticn.

(3) Boeing tested IVD aluninum and nickel-caamium finishea h-11
steel bolts for 336 hours in neutral salt fog. They reported tnat IvD
aluminum and nickel-cadmium provided equal protection to tne h-11 bolts. In
the same report (Reference s7), it was stated that for longer-term sait tog
exposures, nickel-caamium provided better corrosion protection tnan IvU

aluminum.

(4) Westingnouse Electric ano Soutnern California ccison ran ¢
4-year Study for tne tlectric Power Researcn Institute to identify finisning
systems tnat woula alleviate corrosion-related fatigue failures of
low-pressure steam turbine components. IVU aluminum ana nickel-cadmiui were
two of the Zo protective finishes evaluated on steel panels in a neutral salt
fog environment. In agagition, IVD aluminum ana nickel-caamium were
evaluated on steam turbine blages ftor 1 year in a Southern California cgison

power plant,

Aestingnouse ana Sgutnern California Laoison reported tnat
[vO aluminum provided tne pest corrosion protection of all tne finisnes

cvaluated (Reference ¢&).  (IVU aluminum provicgea slightly better protecticn




than the nickel-caamium). Subsequently, IVL aluminum was judgea better than
nickel-cadmium after 1 year of exposure in the operating steam turbine

(Reference 29).
¢. Acidic Salt Fog Exposure ana Specialized Environments

The actual in-service environment is not always best simulatea by
testing in neutral salt fog. At many commercial ana military industrial
sites, for example, there are emissions of sulfur dioxide from smokestacks.
The sulfur dioxide emissions, in the presence of either fresh or salt water,
accelerates the corrosion rate due to the formation of acids. One of the
more severe environments 1is tnat for an aircraft carrier operating in a
tropical zone where the combinations of nigh temperatures, sulfur aicxiage

emission, and salt water are extremely corrosive.

MCAIK uses a sulfur dioxide (SOZ) salt fog environment aeveloped
by the Naval Air Development Center (NADC) to represent acicifiea salt
environments. Test conditions are created by injecting SOZ gas into a »5
percent neutral salt fog chamber for one hour each six hours. Tne salt fog

Chamber is maintained at a temperature of 95°F.

For equal thicknesses, 1VD aluminum significantly outperforis all
types o1 caamium  finisnes in  the SOZ salt fog environment. Tnis s

exemplified by the following test report summaries:

a.  MCALR tested Class 3, Type II, IVL aluminum coatea anc tlass ¢,
Type 11, "prignt caa" platea NAS 564 steel fasteners tor 53 hours in U,
salt fog. They reported tnat IVD aluminum provided better protection to tne
steel fasteners (Reference 36). Test specimens are shown in Figure 15.

0.  NauL tested IVD alumnum coatead and "brignt cac" plated steel
fasteners from Navy stock in SUC salt fog for 504 hours. Tney reportea

tnat IVU aluminum provided better corrosion resistance {ReTerence oY),
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Figure 15. IVD Aluminum- and Electroplated-Cadmium-Finished Fasteners
After 58 Hours of SO 5 Salt Fog Exposure.

C. In anotner test (Reference 40), MCAIK compared IVD aluminum anu
vacuum cadmium on 4130 alloy steel panels exposea for 144 hours to SOZ salt
fog. The vacuum cadmium coated panel had completely rusted well pefore the
conclusion of tne test. In contrast, the same thickness IVD aluminuim coatec
panel siiowed ng corrosion. Tne panels after 144 hour expusure are snown i
Figure lo.

d. MCAIR alsc compared Class 1 ang ¢, Type 1I, IVD aluminum anc
Class 1, Type Il, wvacuun cadmium coated panels witn ana witnout
supplemental topcoat of paint in SOZ sait fog exposure. Tne paint system
consisted of an epoxy primer and two coats of polyuretnane topcoat. In thig
test, IVU aluminum provided more tnan twice (354 hours versus 1bbs hours) tne
protection to the low ailoy steel panels tnat were nol paintea. un tne
painted vacuum cadmium coated panels, red rust was observea leathing fromn a
spot after 5%/ hours in the acidic salt fog. No red rust was observeg on
tne painted [IVU aluminum coated panel and the test was concludeu (keference
41).
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Vacuum-Cadmium IVD Aluminum
(0.0008 in) (0.0008 in)

Figure 16. IVD Aluminum- and Vacuum-Cadmium-Finished Steel Panels
After 144 riours of SO Salt Fog Exposure.

Some companies have evaluated IVD aluminum and otner corrosion
resistant finishes under special test conditions designea tfor their specific
applications. In these specialized environments, IVD aluminum nhas been found
to perform as goog as or better than otner finisnes. Tne following test

report sunmaries compare tne performance of IVD aluminum and caamium:

a. Pratt & Wnitney Aircraft conducted a program (Reference 1/) to
investigate tne performance of 16 corrosion resistant finisnes for AMS»504
scators, Tnese tinishes were applied to 41U stesl panels ana exposea tu tne

following specialized test environment:

(1)(a) 1o nours in neutral salt fog per ASTM 8117
(¢)(b} ¢4 hours in air at 500°F
(3;(c) 108 hours in nevtral salt fog per ASTM 8117

Pratt & Whitney reported that IVD aluminum was the Gest of the
lo corrosion resistant finishes evaluateg for this application. Figure 17
shows panels with IVD aluminum and nickel-cagamium at tne ccnclusion of tne

test.
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Figure 17, IVD Aluminum- and Ditfused Nickel-Cadmium-Finished Alloy Steel Panels
After 336 Hours of Cycllc Neutral Salt Fog/Oven Exposure,

. In other tests, Pratt & Whitney comparec VU aluminum

nickel-cadmium on ooth vane and shroud segments, anc on fasteners., Tne

Specimens were subjectea to the following nautral salt fog/neat exposure o,C.2:

(a) 166 hours in neutral salt fog per ALTH oll7

(1

)
(Z)ib) <0 nours in air at 4¢0Q°F

Testing endea after a total of 535 nours for tne vane ana snrcuc

SEURENTtS and atter o244 nours tor tne fasteners.

Pratt & anitney repdried tnat

lvu aluminum ano nickel-cadmium provided equal protection to tne seqgments vut

that nickel-caamium appedred to protect the fasteners better (reference so,.
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C. Carter Carburetor Division of ACF Inaustries exposea [VD
aluminum ana “bright cad" processed alloy steel springs to a corrosive oil
environmental test for 700 hours. For this specialized environment, Carter
Carburetor reported that IVD aluminum proviced better protection (Reference
33).

3. Outdoor Exposure Including Service Reports

Because of their ‘“real-world" nature, outdoor exposure tests ana
in-service reports provigde some of the most important corrosion resistance
comparisons between IVD aluminum and cagmium. IVD aluminum 1is compared most
often to “bright cad” in these tests. Results vary depenaing on environment;
but, in general, an equal tnickness of IVD aluminum outperforms "brignt caa."
Since “brignt cad" is normally the best performing cadmium process, it can ve
inferreda that IVD aluminum woula have performed even better comparea to other
cadmium processes. The following summaries are provided from test reports:

a. In 1968 MCAIR began a 1long term comparison of the corrosion
resistance of IVD aluminum, vacuum cadmium, and “"bright cad" finishes on 4150
alloy steel panels in an outdoor environment (Reference 4z). The substrate
metal was purposely exposed in a diagonal strip across each panel surface to
observe the "sacrificial" protection proviged by the finishes. Tne panels
ware placed on tne rooftop of a building adjacent toc the St. Louis airport ana

exposed for over 12 years.

After 6 months, it became obvious that [VD aluminum was
providing the best protection. After 4 years, the vacuum cadmium coating was
totally depleted, ana the "bright caa" piating was nearly depleted which
allowed most of the panel surface to rust. The [Vb aluminum coating continuea
to protect the panels as shown in Figure 18.

After 1¢ years, IVD aluminum continuea to provide excellent
protection against corrosion. Long before that time, the vacuum cadmium and
"bright cad" finishes had been totally depleted allcwing the 415U panel to
severely rust. The panels after 1¢ years are also shown in Figure 18.
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Figure 18. IVD Aluminum- and Cadmium-Finished Alloy Steel Panels
After St. Louis Outdoor Exposure.
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b. The Air Force Materials Laboratory conducted an in-service
evaluation of a variety of corrosion resistant finisnes applied to NAS 1z0S
alloy steel fasteners. Tne test fasteners were installed on four opsrational
C-141 aircraft. The panels containing the fasteners were located either on
the top, side, or bottom of the C-141 aircraft to provide a variation of
in-service environmental exposures. The test period was for two years. Tne
Air Force report (Reference 43) stated that the IVD aluminum coated fasteners

showed a marked superiority over "bpright cad" plated fasteners.

c. A second evaluation (Reference 44) of different corrosion
preventive finisnes on fasteners was performed by the USAF Airlift Center for
the Air Force Wright Aeronautical Laboratory. NAS 1203 alloy steel fasteners
were again installed on a C-141 aircraft. The test perioa was for two years
and nine months. Tne four C-141 aircraft accumulated an average flight time
of ¢309 hours. The test again showea that CIVD aluminum provigea more
protection.

d. Tnhe Naval Ship System Engineering Station evaluated nine
finishes appliea to fasteners and exposed to both coastal and shipboara
environments. They reported tnat 1VD aluminum proviaea more protection to the

steel fasteners tnan “brignt cad" (Reference 45).

e. In similar but wunrelated tests, NADL had several corrosion
resistant finishes applied to steel panels which were also expcosed 10 a
shipboara environment. Their test showed that both "oright cad" ana "aull
cad" provided better protection to the steel panels tnan [vh aluminum
(Reterence 4o0).

f. In a later test (Reference 47), NADL comwparea IVD aluminum ana
"brignt cad" for two different snipboard exposures. NAUL reportea tnat in
this later test, IVD aluminum provided better protection to the steel
fasteners than "bright cad."

g. Douglas kircraft and United Airlines evaluated IVD aluminum ang
diffused nickel-cagmium on engine mounts during airline service. Tney touna
that for this hign temperature application (over 80U°F exposure), IVD aluminum

offered consiagerably more protection (rReference 4s).
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The following general conclusions regarding the comparative corrosion
resistance provided by equal thicknesses of IVD aluminum and caamium on alloy
steel substrates are reiterated:

0 "Bright cad" erforms best in neutral salt foa. VU
g p 3

aluminum also performs well in tnis environment.

0 IVD aluminum outperfcrins all of the caamium processes in
acidic environments. It also provided better protection in the specializea

environments reviewed.

0 IVD aluminum outperforms the caamium processes in most
outaoor exposure tests. IVD aluminum excels 1in tnose service environments

where atmospheric pollutants form acidic conditions.

[t should also be restatea that IVD aluminum can easily be applied
thicker where part tolerance permits, and that thicker IVu aluminum coatings

provide aaditional corrosion resistance.

Table 14 summarizes the findings in comparing IVD aluminum anz
cadmium for the tnree most familiar test environments. [t snows that IvDQ
aluminum easily satisfies tne demanas of a corrosion resistance finish to

replace all caamium processes, incluaing the "brignt caa,” “"aull cac," vacuui

cadmium, anc diffusen nickel-caamium finisnes.

TABLE 14. COMPARATIVE CORROSION RESISTANCE PERFORMANCE.

Low-
. IVD Electroplated . Vacuum Nickel-
Environment h \ Embrittlement . K
Aluminum Cadmium Cadmium Cadmium | Cadmium
Neutral Salt Good Excellent Good Good Good
Fog
SO, Sait Excellent Poor Poor Poor Poor
Fog
Outdoor Excellent Good Fair/Good FairiGood | Fair/Good
Exposures
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C. GALVANIC COMPATIBILITY OF IvD ALUMINUM-COATED ALLUY STEEL FASTENERS IN
ALUMINUM ALLOY STRUCTURE

Numerous tests have been conducted showing tne excellent corrosion
resistance of IVD aluminum coated alloy steel substrates, incluaing fasteners;
see preceding discussion., However, there is an equal if not more important
consideration when selecting a finish for alloy steel fasteners installea 1in
aluminum alloy structure. This important consideration is galvanic
compatibility of the coated fastener to the aluminum structure. Witnout
galvanic compatibility, pitting or exfoliation corrosion often occurs in sucn
areas as the fastener countersinks. This corrosion problem is hard to detect,
expensive to repair, ana can lead to structural failure.

The use of IVD aluminum on steel (and titanium) fasteners provides optimum
galvanic compatibility with aluminum alloy structure. This nas been verified
in  tests comparing the vrelative protection proviaed by aluminum anc
electroplated caamium. As 1is normal with corrosion testing, there is some
variation and scatter in the test data. Definite conclusions can pe drawn,
npowever, comparing botn tne protection of tne installeo fastener arc ine

rrotiztior 2fforded tne aluminum alloy structure.

In tests conauctea by MCAIx (xeference 33), IVD aluminum ana electroplatea
caamiumi Tinisnea NAS b4 alloy steel fasteners were instaliecd in anocuized,

7176 aluminum alloy blocks.

Tne fasteners were from tne same lot, had the same finish thickness, anc
tne same installation torques. Tne fastener-plock a4assemplies were tnen
exposed to either a 5 percent neutral salt fog or to an aciagic, sultur dioxice

(SUL; salt foyg environment.

In tne wASTH B117 neutral salt fog environment, the test results showsd
that:

) IVD aluminum protects tne aluminum alloy countersink better than
cadmium; IVU aluminum is more galvanically compatible.
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0 Cadmium protects the steel fastener better than IVD aluminum;
both finishes exceeded MIL-SPEC reguirements.

Figure 19 shows the fastener-block assemblies after ¢500 hours ot
exposure. Tne heaas of the IVD aluminum coated fasteners are more corroded
than the heads of the caamium plated fasteners. However, tne countersinks in

Sulturic Acid Anodized
7178 Aluminum Specimens

Cadmium-Plated
Alioy Steel
Fasteners

IVD Aluminum-
Coated Alloy
Steel Fasteners

All Fasteners Installed in Bare Countersinks
Without Primer or Sealant

Figure 19. Aluminum Alloy Specimens (With Aluminum-Coated/Cadmium-Plated Fasteners
Installed) After 2,500 Hours of Neutral Salt Fog Exposure.

the aluminum alloy panels 1in which the IVD aluminum-coetes fasteners were
installeg are not nearly as corrocged (pitteda) as tncse Countersinks in wnicH
the caomium plated fasteners were installea; see Figure 0. Most of tne
corrosion was down in tne countersink and very little arouna the periphery.
Unly two of the countersinks occupied by IVD aluminum coatea fasteners siowzd
significant  anmounts of corrosion. All five of tne countersinks occupied oy
caamium plated fasteners were severely corroded. In this case ana most
service applications, it would be easier to replace fasteners tnan tc regeir

or replace stricture.

In tne SO( salt fog environment establisned oy tne Navai ~ir
Uevelopment venter, test results snowed that:

4o




6 x

Countersink Occupied by Cadmium-Plated Fasteners

100 x : 100 x

6 x

Countersink Occupied by IVD Aiuminum-Coated Fastener

Figure 20. Aluminum Alloy Countersinks After 2,500 Hours of
Neutral Salt Fog Exposure.




0 IVD aluminum protects the atuminum alloy countersink better than

cadmium.
0 IVD aluminum protects the steel fastener better than cadmium.

Figure 21 shows that the cadmium plated fasteners are mnore severely
corroded than the IVD aluminum coated fasteners after 168 nours. These

Sulfuric Acid Anodized
7178 Aluminum Specimens

All Fasteners Installed in Bare Countersinks
Without Primer or Sealant

TR ,;W > ) ge o cVe R gy o 4 IVD Aluminum-
; TR e Coated Alloy
Steel Fasteners

Figure 21. Aluminum Alloy Specimens (With Aluminum-Coated/Cadmium-Plated
Fasteners Installed) After 168 Hours of SO, Sait Fog Exposure.

rasteners were from tne same lot of cadmium platea fasteners that witnstoos

Ci

¢500 hours in neutral salt fog. Figure <¢ shows substantial pitting in an
around the peripnery of the countersinks occupied by cadmium plated fasteners
and only minor defects in the countersinks occupied by the IVD aluminum coated
fastenars after 168 hours,

In aadition to testing in neutral anag SUC salt fog environments, MCAIR
also completed four outdoor exposure tests comparing the corrosion resistance
of IVD aluminum and electroplatea cadmium on steel fasteners installed in
anodized, /075 gluminum alloy plocks (Reference 49). Ranaomly selectea naS
584 alloy steel rtasteners from various lots were used in two of the tests.
NAS 1¢05 alloy steel fasteners were used in the other two tests. Thicknesses
ana installation torques were equal for botn tne alumirum ana caamium

protected rasteners.
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Countersink Occupied by IVD Aluminum-Coated Fastener

Figure 22. Aluminum Alloy Countersinks After
168 Hours of SO» Salt Fog Exposure.

100 x




In addition to testing in neutral and SOK salt fog environments, MChIR
also completed four outdoor exposure tests comparing tne corrosion resistarnce
of IVD aluminum and electroplated cadmium on steel fasteners installea in
anodized, 7075 aluminum alloy blocks (Reference 4Y). Randomly selectec NAS
584 alloy steel fasteners from various lots were used in two of the tests.
NAS 1203 alloy steel fasteners were used in the other two tests. Thicknesses
and installation torques were equal for both the aluminum and caamium

protected fasteners.

In the St. Louis outdoor ({(industrial) environment, test results showed

that:
-

0 IVD aluminum protects tne aluminum alloy countersink petter tnan

cadmium.
0 IVD aluminum protects the steel fastener better than cadmium.

Whereas the time to failure (depletion of protective finisn) variea, tns

following failure seguence was icentical in all four tests:

First: Corrosion staining in the recess area of twne aluminuu
coated fasteners, Figure 73
% i G e e

ivD Aluminum -
Static

IVD Aluminum -
Reuse

Cadmium - |
Static

Cadmiun. -
Reuse

Figure 23. Corrosion Stains in Recess Area of IVD Aluminum-Finished Fasteners
After 24 Months ot St. Louis Outdoor Exposure.
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Secona: Depletion of the cadmium plating around the periphery of
the fastener head, Figure ¢4

— Periphery (Bare Fastener)

Countersink Area
(Cadmium Intact)

25 x

Figure 24. Cadmium Depletion on Periphery of Fastener Head.

Tnird: Depletion of thne caamiui piating from the periphery of tne
a

head inward towards the head recess area, Figure ¢b

vC’admium

Figure 25. Cadmium Depletion Advancing on Fastener Head.

Fourth: Total depletion ot tne cagmium plating on tne tastener

head, Figure co
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Electroplated IVD Aluminum

Cadmium
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Figure 26. Corrosion Resistance of IVD Aluminum- Versus Electroplated-
Cadmium-Finished Fasteners.

In all four tests, the only damage to tne aluminum-coated Tasteners at tnsz

time tne caamium-plated fasiesner neads were completely CoOrroGed were Stains 1

T

the nead recess. In all cases, tne IVL aluminum coating was intact <0 n
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aluminum alloy countersink. In contrast, there was ccnsicerasls damage Lo tns
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aluminum countersinks occupiea ©y the caamium-plateg fascen

Suminarizac tne test resylts.

TABLE 15. IVD ALUMINUM COMPARED TO ELECTROPLATED CADMIUM ON STEEL
FASTENERS INSTAL!.LED IN ALUMINUM ALLOY STRUCTURES.

Environment Relative Protection by Fisl?ner Finish

Steel Fastener Aluminum Comtersink. J

5% Neutral Salt Fog Cadmium Best IVD Aluminum Best
S0, Salt Fog IVD Aluminum Best IVD Atuminum Best
Industrial Qutdoor IVD Aluminum Best VD Aluminum Best
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=




SECTION IV

EFFECT ON MECHANICAL PRUPERTIES (SUBSTRATES)

A. HYDROGEN EMBRITTLEMENT/STRESS CORROSIUN CRACKING

Strength levels of 180,000 psi and greater are common for high-strengtn
steel alloys used to meet the design objectives of modern aerospace proaucts.
The higher strength Tevels of these materials have increased thneir
susceptibility to catastrophic failure from hydrogen embrittliement anag stress

corrosion cracking.

The problems associated with nhydrogen emprittlement nave existed for years
and are well-documentea. Hydrogen diffusion into the substrate auring
processing is tne source of the problem. The use of processes that eitner
1imit the quantity of free hydrogen available for aiffusion into tne substirate

or negate its presence provice the best solution to the problem.

Sources of free hydrogen include cleaning or pickling operations utilizing
an acid bath and electroplating operations. When high-strengtn steel details
are subjected to such sources, <tringently controllea embrittlement relief
baking cycles must be relied upon to reverse or minimize the embrittiement

mechanism.

The 1VD aluminum process 1is enbrittlement-free. Precleaning consists of
solvent cleaning followea by mecnanical cleaning witn dry aluminum Sxice
grit. The IVD aluminum coating 1is applied in a hydrogen free vacuunm
environment. Tnerefore, there 1is no need for costly embrittlement relief
procedures nor is there the risk of catastrophic failure aue to processing.

Vacuum cadmium 1s appliea 1in a similar nhyarogen-free environment.

However, electroplated cadmium processes all require embrittlement relief

baking cycles as snown in Table lob.
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TABLE 16. PROCESSES REQUIRING HYDROGEN
EMBRITTLEMENT RELIEF.

el
VD Aluminum Vacuum No No
Vacuum Cadmium Vacuum No No
"Bright" Cadmium Electroplate Yes Yes
L ow-Embrittlement Cadmium | Electroplate Yes Yes
Diffused Nickel-Cadmium Electroplate Yes Yes

In aadition to tne absence of hyarcgen during its application, IVD
aluminum has also been shown to resist post hydrogen embrittlement ang stress
corrosion cracking. In comparative testing, IVD aluminum generally is equal
to or better than other metallic coatings. This testing is summarized 1in
Table 17. Even more important, there nave been no reported failures

attributed to post nydrogen embrittlement or stress corrosion cracking of 1Vu

aluminum coated production parts in over lz years of field service experience.

As shown in Section [Il, the successful use of IVD aluminum on nigh
strength steel details is well establisned. Tens of thousands of production
parts have been processea and put 1into service with no reportea problems.
Numerous test reports by MUAIR ana other companies continue to snow [VU
aluminum providing outstanging corrosion resistance with no embrittlement
concerns and, tnerefore, no costs due to embrittlement relief. Figure o7/
shows typical nign strength steel production parts coated witn IVD aluminum.
They range from small, barrel-coated springs to larger, individually racxed

parts 1ike landing gear details and rocket motor cases.

—

—
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Aluminum coatings applied by tne IVD process have no detrimental efrect on
fatigue or otner substrate mecnanical properties. Tne coating nas & tightly
knit columnar structure ang 1s soft ana ductile with properties virtually
identical to those of pure aluminum; see Section li(w;. Also, tne geposited
aluminum coating forms a mechanical bond rather tnan an internetallic bona
wnicn can reoguce fatigue properties. Lastly, there are no agiscernable

batcn-to-patcen variations in the properties of the VDL aluminum coating since
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TABLE 17. SUMMARY OF HYDROGEN EMBRITTLEMFNT AND STRESS CORROSION
CRACKING TESTS ON HIGH-STRENGTH STEEL DETAILS.

Heat Average
Test Environ- Conversion | Embrittiement Ko of Tested
atin Tim !
Name Specimen I;:?; Load ment Coating Coated Relieve Specimens Fa”:’l: By Reterences
H.gh-Strength 4340 260 - 280 { 90°. Ulimate Room ivD Al fes No ? 300ys D6uGias =i
Stee! Coating Stress Ring Tensile Strength | Followeg by NoFalyrer 11973
Systems uTs) 57, Neutral g
Sait LE Cag Yes No 3 30 Uays
NoFaiurer
7hr
Compare IVD 300M 280 - 300 | 0% Noren Aiternate VD Al Yes ‘o 3 1568 Mclonne 2
ana Vac Cag Notch Tenssie Tensie Strengtn | Immersion | VD Al No No 3 2 7ar
Hign-Strengin INTS, Sow vic Cag Yes No 3 20m
Steel Adjusted 8 5
are EXLY
togRaot3 3 B
With Acetic
Acid
Eftectof 350M 283-300 | 757 NTS Rogm VD & fes otk ) e . B
O Algn N Fanares - | Arn gt
Empnittiement | 4330V 220-240 VD Al Yoy Iath A 200~
3t High-Strergin NoFatures
Steel 33BV40 280 - 300 VDA Tus Jotk r
300M 280 - 300 vac Can N (e K
330V 220-240 vac{au No 12 3
98BV40 280-3Cn van g He o s
Notcn Tensue
~sestgalion ELEVED] 280-300 | T3 NTS Fagr: HGA Ry 5 bE
Mfaeg hoten Tans e Nt
38Bv40 ngrease vacflac Veg vas -
Sperimen facn 7
VG Al [ N
Bare
Ettect 260~ 280 | T3 NTS Room IvD A o S4
Whon toten Tens.e
Hign-Strengtn
Siees
Compare vl 300 M 280- 300 | 752 NTS WH A ves NG H 2300 2
a10 T Lag ~otcn Tercue imr2rsion imemersige L E Tag es L] 3 A nr
27 300M Stee: 35 155, P N .
Neutra Neutran - N
Sait Sat
Hydrager i34 -3 fgom fes H Faet B
Empnmement Yy .- #a
"3 ft H L
oy TES ! LR
185 NG 3 Tofaes
Hypgengen TR0 Ay fxpander Ragi - Yes Ng 56 hoFawres (PR O
£mgentierent Stagtungn- Gnts Bar "6 0avs 57 ¥eg v N Fayures
01 Snaprrgs 35 Statel Sat - 20 oy i ea
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High-Strengih Stee! Springs

(320 Ksi)

A% High-Strength Stee!
2 Landing Gear Detall
I ‘

o e
, o High-Strength Steel
v Missle Cases

Figure 27. Typical IVD Aluminum-Coated High-Strength Steel Details.

tne miiitary specification, MIL-C-53483, requires tnat the compaosition ot poth
the 1luu alloy ealuminum

wire evaporant and
minimun of 99 percent pure aluminum.

using an energy dispersion
(Reterence 5Y).

tne as-deposited coating Le 4
An examination of the wire ana ccating
X-1ay

echnique snowea only the element aluminum

A sampling of the testirng conducted to verify tnat the Vo
aluminum proucess nas no aadverse effect on ratigue properties 15 presentes 1n
Tanle lb.




TABLE 18. EFFECT OF IVD ALUMINUM COATING ON SUBSTRATE
FATIGUE PROPERTIES.
Company Substrate F?rteigs:‘e Eftect on Fatigue®
Pratt & Whitney 8-1-1-Titanium High Cycle None
(Reference 27and 36) | 6.4-Titanium High Cycle None
410 Steel Peak Strain Slight - Same as Nickel-Cadmium
Westinghouse A276 Steel 20KHz None
(Reference 28) A276 Steel 20 KHz
403 Stainless Steel | 20KHz
SPS Technologies Steel Tension-Tension | Slight—Same as “Bright”
(Reference 32) Cadmium
McDonnell Douglas 2024 Aluminum 6 g Symmetric None
(Reference 60) Alloy
Turbine Support Steel High Cycle None
{Reference 62)
a "None™ - Less than 3 percent reduction
“Slight™ - Less than 5 percent reduction
As with IVD aluminum, the various cadmium processes produce a sott,
ductile finish and have little or no effect on fatigue properties. fFigure <o

shows fatigue data for IVD aluminum ana electreplated caomium on alloy stee)

7.200
4 800 —
Hi .
Ter‘g?le Aluminum Coated
Load
(Ib)
2,400 —
Cadmium Plated
oo+ 1 1 ! SR N R L
3
10 10° 10° 10° 107
Note: Cycles to Failure

1. Twelve NAS 1954 alloy steel fasteners were used.
2 The test method was MIL-STD-1312, testno. 11

Figure 28. Tension Fatigue Test of IVD Aluminum- and Cadmium-Finished Fasteners.
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fasteners from tests conducted by MCALIk (keference 6¢). Similar data 1s
presentec in Table 1y from tests conducted by SPS Technologies (Reference
3¢). In a th.rd comparison, Table 20 shows IVD aluminum ana aiffusea nicxel

TABLE 19. TENSION-TENSION FATIGUE TEST OF IVD
ALUMINUM- AND CADMIUM-FINISHED

FASTENERS.
Bolt Description? Cycles to Failure®
and TestLoads Bare IVD Cadmium
MS21250-04-018 Per MiL-B-8831 135.400 173.000 83.000
Alloy Steel 102.000 109.400 114.000
(Maximum Load-3.2101b. 72.200 107.700 125.000
Mimmum Load - 321 1b) 118.800 90.400 128.000
178.600 102.100 123.000
Average 121.500 116,520 | 114500
a NAS 1271.16 alloy steei fasteners
D Test method - MIL-STD-"312 test no 1 - speed 2 000 Cyowes per min

cadmium {amoung ¢5 finisnes tested) ranked first and second, respectively, for
naving the least effect on fatigue properties of alloy steel turvine olaces.
Tabie ¢U was taken from a wWestinghouse tiectric report (Reterence ;.

TABLE 20. EFFECTONFATIGUE PROPERTIES OF ALLOY STEEL STEAM TURBINE BLADES.

. Ranking From 2%%'(:'2%5;3?;2; Combined Rank
Coating System the S:::-s?pray (Decreasing Endurance | (Equal Weight)
Values)
Aluminum, Wire Gun 18 16 19
Aluminum. Pack Cementation 7 8
Aluminum-Nickel, Pack Cementation 5 3
Alurmnum, lon-Vapor-Deposition 1 1 1
Zinc-Silicate Binder (inorganic Zinc Paint) 3 18 10
Nickel-Cadmium, Electroplate 2 2 2
Aluminum-Phosphate Binder {Spray and Bake) 4 18 12
Nickel-Aluminide High Energy Plasma Spray 13 7 9
Chromium, Chromate Conversion 16 6 "
Chromium, Diffusion (Chromizing) 12 13 14
Zirconium, Physical Vapor Deposition 19 14 18
Nickel-Chromium.Conventional Plasma Spray 17 9 15
Chromium Boride. Pack Cementation 14 17 17
Iron-Chromium Bonde. Pack Cementation 15 12 16
Silicon Dramine 11 4 5
PTFE Powder 6 5 4
Nickel. Chemical Vapor Deposition 8 10 7
Sulfamate-Nickel, Electroplate 10 14 13
(Thin Coating)
Sultamate-Nickel. Electroplate 9 119 8
1 Thick Coating)
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In summary, testing has verified that IVD aluminum coatings have no effect
on the fatigue or other mechanical properties of tne base metal. In aadition,
after more than a decade of production use, there have been no fiela reports

of mechanical property degradation or resulting part failure.
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SECTION V

FASTENER INSTALLATION CHARACTEKISTIUS

A. TORQUE-TENSION

Aluminum has a higher coefficient of friction than cadmium. Therefore, a
higner torque is required to install aluminum coated fasteners t0 a given
tension preloaa tnhan if the fastener was cadmium platea. The use of a
lubricant on tne aluminum-coated fastener and/or nut, however, eliminates or
greatly reduces torque-tension differences. This section compares
torque-tension values for IVD aluminum, cagmiumi, and aiffusea nickel-caamium

finished fasteners witn and witnout tne use ot supplemental lupricants.

Figure ¢Y9 shows the results of a torque-tension test conaucted wuy S¢S
Technologies (Reference 3¢). The torque on the alloy-steel locknuts is shown

versus the average incucea tension load on the H-11 polts used in tne Tastic.

7,000 -
Bolt and Nut With VD
and Cetyl Alcohol Bolt With Cadmium
and Nut With Cadmium
6,000 |~
’ Bolt With IVD
and Nut Witn Cadmium

5,000 —

A

Average |
J 4,000 Boit and Nut

induced
Load With VD
(p)y 30001~
2,000
H-11 EBW 22-4-22 Fasteners With
1,000 Alloy-Steel FN22 Locknuts
. 1 | 1 |
0 100 200 300 400 500 600 7G60

Torque (in.-lb)

Figure 29. Torque-Tension Test Results for IVD Aluminum-
and Cadmium-Finished Fasteners.
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When both the bolt and nut were coated with IVD aluminum, approximately ol
percent more torque was needed to proauce a <U000-pound tension load than when
both were cadamium-plated. Using a cadmium-plated nut with the 1VD
aluminum-coated bolt reduced the difference to approximately 15 percent. When
tne IVD-coated nuts and bolts were lubricated with cetyl alcohol, the torgue
for a given induced tension loaa was actually 70 percent less taan if the nut
and bolt were cadmium-plated. In this test, therefore, the effect of tne
lower lubricity of the IVD aluminum coating was more than offset by tne
addition of a lubricant.

MCAIR compiled data from two series of torque-tension tests (keTerence 63
conauctea curing formal qualification of 1IVD 4luminum as an acceptacle
alternative to cadmium. In the first series of tests, tne initial torque
required to develop a 1<200-pound tension Jdoaa in 3/16 inch daiameter
nonlubricated, IVD aluminum-coatea or cadmium-platea bolts was measured for
various nut configurations. Tne relative torque ditferences, basead on an
average of & tests for eacn condition, are as follows:

0 An &5 percent nigher torque was required using IVJ aluminum versus
cadmium wnen the torque was applied to caamium plated, nonlocking,
nonlubricatea nuts.

0 An G percent nigner torque was required using 1VD aluminum versuys
caamium when the torque was appliea to cadmium plated, ary-tilm-lubricatea,
seif-locking nuts.

0 The same torgue was required using IVO aiuminuii=- and cadmiuwm-tinisned
bolts when the torque was applied to the bolts with caanium-platea,

ary-film-lubricatea, selr-locking nuts.

0 A Sb opercent nigner torque was required using Vo aluninum verscs

caumium wnen  the torque was applied to the bolts witn caumiun-pletea,

ary-fiim-Tubricatea, self-locking gang channel nuts,




In tne second series of tests, tne initial torque required to induce a
specific tension load in 3/lo-inch aiameter, IVD aluminum-ccated or
cadmium-platea bolts was measured. Some of the bolts were lubricated ana the
torque was applied to cadmium-plated, dry-film-lubricatea, self-locking nuts.
The test results are as follows:

0 A 10 percent higher torque was required using IVD aluminum versus
cadmium to attain a 500 pound loac in a nonlubricatea bolt.

0 An 8 percent higher torque was requirea using IVD aluminum versus
cadmium to attain a 560-pound loac in a lubricated bolt.

0 Tne torques required using IVD aluminum anda caamium finishes were

approximately tne same to attain a 200U-pound load in a lubricated bolt.

boeing conducted torque-tension tests comparing VD aluminum anc diffused

nickel-cadmium on nonlubricated H-11 steel bolts (Reference 7). Figures 3U

9,000
—&— Average of Twelve Tests
- High and Low Data Points
Washer on Anodized and
8.000 1 Primed Surface
50 Tensile Strength = 7,050 Ib
7,000 F
6,000
| 33% Tensile
5,000 Strength = 4.653 b
Tension
(Ib) 4,000 -
3,000 |-
2,000 -
1.000 |- H-11 Bolts
0 | ! 1 L ! L

0 80 160 240 320 400 480 560
Torque (in. - ib)

Figure 30. Torque-Tension Relationship Using IVD
Aluminum-Finished Fasteners.
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and 31 show the torque-tenzion curves produced using the [VD aluminum Tinisn

were nearly identical to those produced using aiffused nickel-cadmiui.

9,000
—d— Average of Twelve Tests
= High and Low Data Points
8000 L Washer on Anodized and
: Primed Surface
50% Tensile Strength = 7,050 Ib
7,000
6,000
[ 33% Tensile
5,000 Strength = 4,653 Ib
Tension
(Ib) 4,000 -
3,000 L
2,000 |
1.000 |- H-11 Bolts
0 | ! L | ] |
0 80 160 240 320 400 480 560

Torque (in. - Ib)

Figure 31. Torque-Tension Relationship Using Diffu~ed
Nickel-Cadmium-Finished Fasteners.
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Coonlr3st onowevir, Fraflo& wnitney reported tnat 3 consiceracly hi
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TABLE 21. TORQUE-TENSION VALUES USING IVD
ALUMINUM- AND DIFFUSED NICKEL-
CADMIUM-FINISHED FASTENERS.

IVD + Cetyl Ni?lecfilng:tyl
4L 117-8-16 Pins HL117-8-16 Pi
With HL70 Collars L117-5-15 Fins
53&9'0 With HL70 Collars
Torque-Oft | Preload | Torque-Otf | Preload

(in.-1b) (Ib) (in.-Ib) (Ib)
1 69 2,700 67 2,225
2 71 2,700 73 2,650
3 68 2,500 71 2,400
4 68 2,500 68 2,250
5 67 2,500 69 2,550
Mean 68.6 2,600 63.6 2.415

Standard Deviation 1.5 100 2.4 185
Required 60 -80 1,600 60-80 1.600

TABLE 22. TORQUE-TENSION VALUES USING 1VD
ALUMINUM- AND DIFFUSED NICKEL-
CADMIUM-FINISHED FASTENERS.

IVD - Cetyl Nl
HL117-8-16 Pins - ey
Sample With HL86 Collars HL117-8-16 Pins
No. With HL86 Collars
Torque-Off | Preload | Torque-Oft | Preloaa
(in.-1b) (b) (in.-Ib) (Ib)
1 120 3.900 111 3.825
2 118 3,450 124 4.400
3 120 3.650 116 3.850
4 121 3.500 120 4.050
5 123 3.725 118 4200
Mean 120.4 3.645 1178 4,065
Standard Dewviation 1.8 180 a8 242
Required 115-130 2,600 115-130 2.600




In the Pratt & Whitney tests, coating thickness is the probatle cause Taor
the considerably higher torqgue required using IVU aluminum. Most fasteners
threads are designed to accept 0.0005-0.0005 inches of coating. Tnis is tne
normal Class 3 thickness range for IVD aluminum finished fasteners. towever,
Pratt & Whitney reported the test fasteners were finished with C(lass <

(0.0005-inch minimum) IVD aluminum.

Table 23 summarizes the cnanges to torque-tension relationships when using
IVD aluminum versus cadmium and nickel-cadmium finishes. Because of tne
scatter in tne test data and the variation in parameters for tne different
tests, Table ¢3 should be used only as a rough guige as to what might Ce

expected. It is clear from the data reviewed, however, Itnat the nigner

TABLE 23. TORQUE-ENSION RELATIONSHIP USING IVD ALUMINUM VERSUS
CADMIUM AND DIFFUSED NICKEL-CADMIUM FINISHES.

Changes in Torque

Component Torqued —Finish Using IVD Aluminum
vs Cadmium | vs Nickel-Cadmium
Locknut—Bolt and NutIVD Coated +60% No Change
With No Lubrication
Locknut -8oltand Nut IVD Coated —-70%
and Lubricated
Locknut — VD Coated Bolt With +15%
Cadmium Plated Nut and No
Lubrication
Locknut - IVD Coated Bott With ~9%
Cadmium Plated and Lubricated Nut
Locknut — Lubricated, IVD Coated + 49,
Bolt With Cadmium Plated and
Lubricated Nut
Locknut — Lubricated IVD Coated + 4°4

Bolt With Cadmium Plated and
Lubrnicated Locknut

Non-Locking Nut— VD Coated Boit - 8%
With Cadmium Plated Nut and No
Lubrication

Bolt—Bolt and Nut IVD Coated With - 140°
No Lubrication

Bolt - VD Coated Boit With Cadmium < 182,
Plated and Lubricated Locknut

Collar - Pinand Collar VD Coated ~o Change
and Lubncated




coefficient of friction of IVD aluminum increases the torque requirea for a
given preloag; it is also cliear that Tlubrication reduces or eliminates tnis

increase.

A review of production operations involving the use of IVD aluminum as a
replacement for caamium on fasteners verifies the relative ease that sucn a
ciiangeover carn  be accompliished for most applications. Some of these
operations have peen ongoing for the past 1z years. For tne wmost part, tney
nave been accomplished witn no more than the use of a lubricant ang witnout
significant changes to installation procedures, too’s, or hole sizes.

Although IVD aluminum has been successfully used on millions of aerospace
fasteners, torgue-tension relationships are a legitimate concern for some
applications. MCAIR has proposed a research and development program,
describea in Section XII(C), to acemonstrate tnat acceptaple results can De

obtained with the selection of a proper lubricant.
8. KEUSE TESTING

Service doors and panels on aircraft are usually secured witn remcvable
type fasteners ana Tlocknuts. Thne fastening System 1S requirea to meet reuse
standaras to accommodate periodic dgor or panel removal and reinstallation,
Acceptability limits are set in accoroance with Mll-h-¢bUc/ wnicn estaclisnes
meximum locking and minimum breakaway torques over a number of installaticn
cycles. Tnis section presents aata generatea by MLAIR ana SPS Tecnnoulcgiss on
tne reuse characteristics of VD aluminum ang electroplated caumium Tinisneg

fastening systems.

5PS ran & 15 cve? reuse  test on  1/4  inch  glaceter  fastzners
ireference 3¢). ta fe involved tightening a nut onto & oolt witn T
incn-pounas of torque, then removing the nut. weltner tne nul nor tne Lot

were Jubricatea. MIL-N-¢5047 estaplisnes a maximum Jocking torgue of  ou

INCN-pounas  and a Mminlmur Dredkaway torgue of 3.5 TnCn-pcuncs.  witn g
lubrication, initial Tocking torgues for botn alwninum- and Cachdai-tinisnzg
narGadre were over tne maximuwn,  Table 4 snows tnat trne (Vo alucinue =Costes
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TABLE 24. RCUSE TEST RESULTS COMPARING IVD ALUMINUM- AND
CADMIUM-FINISHED FASTENERS.

- V—Avré;aga‘ TorqAb'e (i -1b) '

Finish Cycle 1 + tyced | cycles Cycie 9 Cycle 12 Cycle 15
Nut Fas'aner Maxlmumqr Minimum | Maximum [ Mimmum Maxlmum’ Mlnﬁifm Maxlm;m Mnani\'um Man;um [ Mmm{um Mann;um Mimmum
Locking | Breakaway | Locking | Breakaway { Locking | Breakaway| Locking | Breakaway| Locking | Breakaway | Locking Breakaway
Designations Nul - 42FIW Faslener - ¥S21280-04-018
Cacmium | VD 60 50 46 42 30 34 26 2% 2% 3
Alymingm
| |
woo D 36 52 28 28 2 22 2 £ = I
Aipmenum | Aluminum
Cagmiym | Cagmiym Az 38 37 36 24 26 24 21
Des.gnations Sut - FNZ2 Fasterer - EWB 20 -2t
‘D Vo 35 25 30 3 2 2" 5 G El 5
Algmiagm | Auminum
- —1 [ S SR S .- P —
re 1ol e [
. . . i ) o s
nut-and-bolt combinations had higher torque values for the initial

installation cycle than the cadmium-plated nut-ana-bolt compinations; turque

values were much closer for subsequent cycles. Figure oc snows that as tne

increases, tne drop-off max imum

nunber of installation cycles in

torque using I1VD aluminum-coated fastening systems is similar to the Grop-o

using cadmium plating.

80
72—
64—
560
Maximum 48[
Locking
Torque 40—
{in.-b) 30—
0 Alloy Steel With Cadmium
24— o o)
o ‘r;r
16— Alloy Steel With IVD
8 p—e
o 1 1 | | |
0 3 6 9 12 15 18
Cycle

Figure 32. Reuse Relationships for IVD Aluminum- and Cadmium-Finished Fasteners.
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MCAIR also conducted a 15-cycle reuse test during formal qualiticaticn of
IVD aluminum as an acceptaple alternative to caamium (Reference os). The
reuse test comparea 1/4-inch diameter IVD aluminum-coated and cadmium-plated
alloy steel bolts installea into caamium-plated alloy steel gang channels aric
locknuts. Tne locknuts were lubricatea with molybdenum disulficge ana attacned
to typical aircraft substructure to simulate removable aoor installations.
MCAIR tested an IVD aluminum-coated bolt ana a caamium-plated nut ccmbinaticn
pecause aluminum on tne bolts provides better corrocicn recistance, especially
for moldline applications, and better compatibility to the aircrart structure;
see dijscussion in Section III(C). The caamium-platea locknuts are of little
concern from a corrosion or compatibility standpoint. Since caamiuni-platea
fasteners usea on the aircraft were painted witn tluid resistant (Fx) primer
on tne Tastener neaas ana snanks for adaitional corrosion protection,
similarly finisncza fasteners were usea in tne tests. The IvU aluminum-coated
fasteners were not paintea. €acn cycle involved installing the rasténer into
tne nut, torquing tne fastencr to 50 inchi-pounas, and removing tne Ttastener.
krbout nalf tne fasteners were installed using hand torgue wrenches, any ine
remaining rasteners were installea with controlled-torque power SCrewarivers.

Figure 33 shuws that potn finisnes were witnin tne Timits of MiL-i-coUe/.

By using Tubricants, reuse cnaracteristics can be improved, and tne ¢ftect
caused by ditrerences in tinishes can be minimizea. This 1s demonstrates oy
cumparing tne initial locking torques in tie SPS test in waldh 0o lubricantie
were used to tnose in tne MCAIR test in which the locknuts were lubricatea.
For examgle, tne first installation cycle in tne >S5 test for the cuibination
of aluminum-coates vasteners and caumium-plated Tocknuts reqguired 3 locxing
torgue ot U Incn-pounds  versus <y incn-pCunus  in tne  isbair Lest.
military specitication maximum 1s sU inch-pounas. Tnis 1imit  was alsu
exCerued In the 5PS test by the caumium - cagmium ComDination (+o INCh=-puunis)

“itnoul a lubricant.
Tavle <5 sSummmarizes reuse charvacteristics ot  fastening systens aign

gifferent finisn combinations compared  to  the (imits  estaolisaes in

Ale-ic=eLhed. Keuse  characteristics  of VDL aluminum-coated  Coiis  witn
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32
Maximum Locking Torque
24 [—
Installation
Locking
Torque 16—
(in.-1b)
8 T
0 | I !

Notes :1. Fastener : NAS584-8 flush head bolt, alloy steel, IVD aluminum, or
3MFR584-8 flush head bolt, alloy steei, cadmium plated, FR primed.

Nut : 3M143A4-2 plate nuts or 3M150N4-8-10 gang channel.

2. Maximum locking torque per MIL-N-25027 for 1/4 in. diameter fasteners.
3. Torque applied to fastener by hand torque wrench or power screwdriver.
4. Fastener tightened to 50 in.-Ib each cycle.
5. Data shown is average of 20 tests.
32
24—
IVD Aluminum-Coated Bolts
Removable
Breakaway -
Torque 16— N\ TTTme-es D _
(in.-lb) ) ]
Cadmium-Plated, FR Primed Bolts
8 —
Minimum Breakaway Torque
0 ! 1 |
0 3 6 9

Instaliation Cycle

Notes ;1 Fastener : NAS584-8 flush head bolt, ailoy steel, IVD aluminum, or
3MFRS5E4-3 flush head bolt, alloy steel, cadmium plated, FR primed.

Nut : 3M143A4-2 plate nuts or 3M150N4-8-10 gang channet.
Minimum breakaway torque per MIL-N-2502/ tor 1/4 In. ciameter fasteners.
Torque applied to f2=*r aer by hand torque wrench or power screwdriver.
Fastener tightened to 5N in -1b each cycle

Data shown is averag: o 36 to 40 tests.

LRSS

Figure 33. Fifteen Cycle Reuse Test Comparing IVD Aluminum-

and Cadmium-Finished Fasteners.
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TABLE 25. REUSE CHARACTERISTICS COMPARED TO SPECIFICATION LIMITS.

Fastening System Reuse Characteristics
Finish 1st Cycle 15th Cycle \
C°;‘"t:'gatl'°" Lubrication Locking Breakaway Locking Breakaway
(Nut-Bolt) Torque Torque Torque Torque
Cd-Cd No + v + v
Cd-Al No + v v~ o~
Al-Al No. + v vt vt
Cd-Cd Yes v v v o
. Cd-Al Yes v - v v

Key:
+ - Exceeded MIL-N-25027E limits
w - Within MIL-N-28027E limits
* - Within limits on 2/3 samples

lubricated locknuts fall within the limits. The program propused oy unmas Lo
broagen the aata base for acceptadlie lubricants relevant to torgue-tensisi
cnaracteristics, discussed in Section XII(C), will also provice uwseTd

information about reuse characteristics.

~
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SECTIUN VI

COATING VERSATILITY

A. ALUMINUM ALLUY SUBSTRATES

IVD aluminum coatings are easily appliea to all metallic substrates
including aluminum alloys. FElectroplatea caamium, on the otner nand, can nct
be applied directly to aluminuni alloy substrates with acceptable aahesion.
MCAIR began applying IVD aluminum coatings to aluminum alloy production parts
in 1976, Initially, 1IVD coatings replaced &acdize coitings on 7atigue
critical aluminum structure, In wre recent applications, tnev replace
electropiated tin on aluminum alloy components requiring & conductive pain as
well as corrosion resistance. Tne pure 1VD aluminum coating 1is iageally
compatible witn aluminum alloy structure. It is less noble than the alloys
ang tnerefore provides sacrificial corrosion resistance. C(urrently, more tnan
800 aluminum alloy parts are coated on three MLAIK proaguction aircraft. in
all applications, tne IVD coating nas improveg performance and reauced eitner
processing costs or life cycle costs, or both. Or the thousanas of aircratt
parts coated ang more tnhan a decade of 1in-service aircreft exposure, ns
proolems have been reported.

1. Fatigue Critical

Tne soft auctile IVU aluminum s useu on fatigue critical alumin.s
alloy structure; 1t provides exceilent sacrificial corrosion resistentzs at
does not reduce fatigue properties. Hard, orittle finishes, however, can
affect tne wechanical properties of tne base nmetal. MOAIR tests (Refterencye
60) showed fatique reductions of 30 percent or more with the use 0t anuGize on
a «Uch-T0ol aluminum alloy test specimen (Figure sej. Un existing struciurc.,
the use of [VUu al-minum can extena fatigue life anu eiliminate tne neeg for
fatigue ennancement, such as shot peening, and Lnereby requce costs. For i
designs, the nigher fatigue properties achieved tiarougin the use of [vo

alumioun allow Tor a less beety structurs; tnis saves weignt. In augition,
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. Average
Surface Type of les-tllfgue Fatigue
Finish | Fastener h f) Life
(hr) 2024-T851 Aluminum
Bare Taper-Loks [ 59,544 61,300 M N~N— ]
63,129
Anodize | Taper-Loks | 29,704 30,400 3/16 in. Diameter Holes
31,126 O 00 OO0 0O
Peen and | Taper-Loks 45,700 44,500 0.15 in. Thick
Anodize 43,700 Note:
VD Taper-Loks 59,129 59,100 | Specimens tested to spectrum developed from
- flight test strain gage data with 6g symmetric
R/egn and | Taper-Loks g??gg 66,200 fatigue stress = 24.3 ksi gross section.
97,205
GP83-0338-7 )

Figure 34. Effect on Fatigue Properties by IVD Aluminum and Anodize Finishes.

IvD aluminum Ttiwproves the resistance to stress ccrrosion cracking.  7.oi-s)
high-strengtn, aluminum alloy structural parts coated with [vu aluniin.n are

snown 1in Figures 3% ana 36.

VD Aluminum Provides

» Corrosion Resistance
« No Fatique Reduction
of Base Metal

Figure 35. F-15 Aluminum-Coated Fatigue-Critical Aluminum Alloy Wing Skin.




as fuel ana pneumatic line

Many aluminum  clloy compenents  su

ch
fittings, snown in Figure 5/, require & conductive path eacross Joints to
v rlow,

Cu

Ciscipate static electrical charges generated Uy fluia  or

ally, these cor onents are anodizea making tnem nonconauctive.
imerefore, an elzsctrical conding strap or Jumper 1S reguired LC estabiisn ine
conductive patn. IVU aluminum is nignly conauctive and remains So In service
anen treated  witn @ standard  chnromate  conversation  coating;  electrical
properties are  giscusses in Section  Ilfc). VD aluininum, irsteaa  of
anoaizing, on the fittings proviges corrosion resistance and an  inherent
electrical bong across the joint interface. Tne weignt penalty 1 eliminatea,
and substantial costs are saved by eliminating the Tabor-intensive steg of

instailing the bonding strap (Figure so).
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1VD Aluminum Provides

» Corrosion Resistance

* Inherent Electrical Bond
+ Compatibility with Fuel
» Cost Effectiveness

Figure 37. IVD Aluminum-Ccated Aluminum Alloy Fuel and Pneumatic Line Fittings.

Anodized Fitting
Bonding Jumper Required for
Electrical Bond

IVD Aluminum-Coateg Fitting
Inherent Electrical Bond

Figure 38. IVD Aluminum-Provided Conductive Path and Corrosion Resistance.
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Electroplated tin is sometimes used on aluminum allcy componenis Lo
provide a low-resistance, conductive path at the interrace witn other
components for electromagnetic interference compatibility {(EMii). however, it
is difficult to achieve good adhesion of the tin to tne aluminum alloy. Alsc,
tests have shown that the tin provides relatively poor protectiosn of tne
substrate in a corrosive envircament (References 67 and ©38); currosion causes
the electrical resistance to increase. IVD aluminum offers far superior
corrosion resistance. Tne aluminum coating is sacrificial ro tne substrate,
whereas tin is more noble. Tables 26 and 27 show thnat IVD aluminum-coited
details have a much lower jcint resistance after exposure to corrosive
environments than tin-platea details. In this application, I¥L aluminun
offers nigher performance, reduced processing protlems, and lower maintenance

costs.

TABLE 26. IVD ALUMINUM VERSUS ELECTROPLATED
TIN FOR EMIC — ST. LOUIS OUTDOOR

EXPOSURE.
Joint Electrical Resistance
{milliohms)
Test Condition Electroplated IVD
Tin Aluminum
Typical Resistance Less Than 1 Less Than 1
Before Exposure
Resistance After 2 Years 800 22
Resistanca After 3 Years : 1
Resistance After 4 Years
Resistance After 5 Years

Key
*Too corraded to test

-
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TABLE 27. IVD ALUMINUM VERSUS ELECTROPLATED TIN
FOR EMIC - 1 YEAR SHIPBOARD EXPOSURE
(USS CONSTELLATION).

EMIC Assemblies

Specimen Resistance Measurements (milliohms)
Number

Interfacing Resistance Before Resistance After
Coatings Exposure Exposure

Alclad to 0.12 - 0.13 0.35
Alclad 2.82 - 2.85

Tin to 0.07 - 0.09 195.000 - 190,000
Alclad 520 - 540

IVD Al to 0.45 - 0.78 0.82 - 0.84
Alctad 0.22 - 0.54 6.10 - 6.13

Tin to 0.22 - 0.62 20-21
VD Al 199.000 - 200.C00

IVD Al to 0.25-13 0.32
IVD Al 4.9

Tin to 0.03-0.05 200.000
Tin

WO DD DD P> >> >
G o Lh bd v L4
NE RE BRI I BRI

~3

Figure 39 snows an aluminum alioy casting coated «~itn Ivo aluiinum,
masked alung areas reguired to be electrically conguctive for baiv, nen

DlaCk-anoGized to meetl coCkpit color requireients.  whereas Vo ziuminus is

not normally ancaizea, it can De wnen appliea to aluwinun &liuy subsiraiws.
Tnic appiication snows tne versatility or tne IvD coating.
J. clecrrical vonnecters
VU ghuminum nas & Gisiindt acvanlage over Caunlun anc LiZagy o on
SEorinun ailoy connectors., T necl adnesion requirdnenis, Codiiun Tt
Ot Uk Tl Dl e Dubper o NIl wird<e. WISkl pratlig as ulies TIr

temseratur- aupiications.  Ivu alundnum cen replace voun The Cadmiui pletling
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VD Aluminum
Electrically
Conductive Path ——‘,\

Black Anodize Over
IVD Aluminum Coating —

Figure 39. Aluminum Alloy Casting Coated With IVD Aluminum and Black Anodized.

MIL-C-38999 to be increased to 1,000 nours (Figure 40U). Tne connectors shown
in Figure 40 were also mated and unmated 150 times per MiL-(-3399Y -- 5U times
eacn before exposure, after 500 hours of exposure, ana atter 1,000 nours oT

exposure., Nickel plated connectors cannot normally be unmated oue o

corrosion aftes 5U0 hours of exposure.
B. TITANLUM SUBSTKRATES

IVD aluminum coatings are easily appliea to titanium aiioy substrates.
Tney are most often used to provide galvanic compatisility witn aluminum ailoy
structure and/or provide improved electrical conauctivity. MIL-5TD-150¢
prohibits the use of caamium, either on or 1in direct contact witn titaniu:

because of the possibility of solid metal embrittlement.

kn example of the use of IVL aluminum for galvanic compatibility is on
titanium fasteners., Whereas the fasteners do not corroge, tney are

galvanically more noble than the aluminum alloy structure in wnicn they arc

79




VD Aluminum Cadmium

No Substrate Severe Substrate
Pitting Pitting

Figure 40. IVD Aluminum- and Cadmium-Finishad Connectors After
1,000 Hours of Neutral Sait Fog Exposure.

installed. Consequently in a corrosive environment, a galvanic cell will rorr
between Uil aluminum ailoy structure ana bare titanium fastener. Structural
pitting or corrosion of the aluminum will result. These sane
coated witn IVD aluminum are galvanically compatiple witn tne ailuninui a
structure. Sometimes paint anc sealant are usea on bare titanium fasteners Lo
form a "parrier" between tne two dissimilar metals. however, as cemonstraled
in tests concucted by MCAIK (References 71 and 72), the "barrier" coatings
were not as effective as IVU aluminun in pretecting tne aluninum structure.
Figure 41 snows botn 1VD aluminum-coated and sealant-coated (wet-installea;
titanium fasteners in a 7075-T6 aluminum alloy olock. The fastener ang olock
assembly was painted, tnen installed in a corrosive sot sait  fog
environment ., rfter «co aays of exposure, the alloy aluniinum Dlock  was
sectioned at the countersinks. The photomicrographs in Figure de¢ proviae a
comparison of the protection given to the countersinks ana shows tne ocvious

superiority of IVD aluminum.

Anotner advantage of IVU aluminum coatings counpared to ‘“barrier" Ltyge
coatings on titanium fasteners 1is tnat the aluminum coating is electirically
conauctive. In contrast, the barrier coatings form an electrical insulatur.
Some users of IVU aluminum on titanium fasteners require a conauctive coating

to nelp disperse lightning strikes.
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Wet-Installed Titanium Fasteners

|
L |

inches

Figure 41. Test Pannels After 28 Days of SO, Salt Fog Exposure.
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Panel 1, Countersink 2
Wet-Installed Titanium Fastener
(Paint Seal Broken)

8 g &

Panel 1, Countersink 4
Wet-installed Titanium Fastener
o akary

Panel 2, Countersink 2
IVD Aluminum-Coated Titanium Fastener
(Paint Sea!l Broken)

Panel 2, Countersink 4
VD Aluminum-Coated Titanium Fastener

5 s

Figure 42. Photomicrographs of Test Panel Countersinks.
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As mentionea, cadmium is not normally used on or in contact with titaniun
because of the possibility of solid metal enbrittlement. Figure 45 shows a
fractured Ti-bA1-4V titanium alloy surface after exposure to cadmiuin 3t
300°F. Boeing compared 1VD aluminum and cadmium in an environment concucive
to tne occurrence of <olid metal emorittlement. In this test (Keference 57,
four 1VD aluminum-coatea and four cadmium-plated fasteners were installea in
aluminum alloy panels drilled to provirne a 0.001 - 0.0U3-inch interterence
fit. The rastconers were then stressed up to 80 percent of their ultimate loau

while the panels were exposed to elevated temperatures. A1l ¢t tne

cadmium-plated fasteners failed. None of the IVD aluminum-coated fasteners
Oc
[

failea at exposure temperatures up to boy

¥ ’ £ e :

parated—Grain Facets and Transgranular
Cleavage Facets on the Surf-ce of a Fracture in Titaniun Alioy

TI-6A1-4V That Was Exposed to Solid Cadmium at 149° C (300° F),

Figure 43. Cadmium-Induced Embritticment Failure.
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C. NUONMETALLIC SUBSTRATES

Nonmetallic materials such as ceramics, thermoplastics, and composites can
be IVD aluminum coated. These materials are used extensively in mogern
aircraft, spacecraft, and missiles. Applications range from primary structure
to electronic enclosures and components. Because these materials are
generally dielectric, they may need a conductive coating on exterior surfaces
or at selected points for applications requiring electrical grounaing or
EMIC. IVD aluminum can proviae tne electrical continuity regquired Tor such

applications.

Mogitications are requirea to tne IVD aluminum process when coating
nonmetallic substrates. Tnese moaifications are necessary because
nonmetalliics are generally more temgirature sensitive, they proguce o2
outgassing prooucts 1in the vacuum chambers, anc/or tnelr noncenauctive nature
affects the glow discharge cleaning operation. Processing nwoaifications to
apply IvU aluminum to nonmetallic substrates nave been successtully

deiionstrated.

Temperature sensitive nonmetallic substrates can be alternately coated and
coolea witn gaseous nitrogen while in the vacuum champer. All IVU aluiianuis
coaters have tnis cooling capapility. An IVE aluminum coating ot any Gesired
tnickness can be obtained by simply repeating tnis alternating ccating dand
cooling procedure. Tne coating performs equally well whether produced in a
single coating cycle or from multiple ccating ana cooling cycies.

vutgassing from nonmetallic substrdates is cuntroil2g In several wiys. ins
coater's pumping system is sufficient to handle most gas loads. However, 1T a
substrate proauces a large outgassing loag, it can be bakeg prior Lo coctiag.
Also, by limiting the substrate's temperature during coatiny, tne gas loaa to
tne pumping system 1s reduced. Steps should alwdays De Taken o prevent

excessive vutgassing which can adversely affect coating-to-substrate adnesion.
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With nonmetallic parts, normal glow discharge cleaning coes not taxe
place. To circumvent this problem, the glow discharge can be eliminated and
the aluminum coating applied by physical vapor deposition (PVD). PVD
procecsing produces an acceptable coating, but adhesion of the coating 1is
normally not as good as ii would be with IVD. An alternate approach is to
place a metallic screen behind the nonmetaiiic part. Tne metallic screen is
tnen maintained at high voltage, so that the part is within a glocw aischarge

(Reference 73).

Nonmetallic parts are normally solvent-cleanea ana lightly grit-plasted
Livere coating.  If desired, the part can be lightly glass-beaag-peened for an
aunesion verification after coating. The adnesion c¢* IVD aluminum on
nonmetallic parts is generally acceptanle, but not as tenacious as it is on

metal parts.

An example of a nonmetallic production part being coated witn IVD aluminum
is a Raytheon-produced raaar wave guige Tormed by two pieces of ceramic
material aahesively bondea together. Thousanas of these fragile, ceranic
elements nave been processed to produce a conductive surface witnout tnermal
degradation of tne adnesive bona. In a different application, selected areas
of quartz lenses were successfully coated with IVD aluminum tu proguce a
reflective surface.

MCAIR has denonstrated that IVD aluminum can be applied to plastic
enclosures (Reference ¢1). A 6-mil coating was depositea without camaging the
tenperature sensitive plastic material (Figure 44). An IVD copper coating was
also deposited onto a plastic enclosure. It provigea an electrically

conductive basecoat for subsequent electroplating.

IVD  aluminum coatings have also been depositea onto carbon-epoxy
composites. It is more difficult to obtain a uniform, pinnole-free coating un
this substrate than on ceramics or plastics. The carbon fiber is tragile ang
can be proken if the voltage on the part is too high during glow aischarge
cleaning or during coating. Nevertheless, acceptable coating adnesion nas
been obtained on a repeatable basis.
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Figure 44. IVD Aluminum-Coated Plastic Enclosure.

In summary, many nonmecallic materials have been successfully coatea witn
I[Vu aluminum, Processing proceadures require moaification, but goou coating

aahesion can be obtained with no substrate degradation.

U, NEULYMIUM-IRON-LORUN SUBSTRATES

The wuse of new materials that greatly increase magnetic properties 1s
cnanying tne permanent magnet industry. Lighter, smaller, ana simpler motcrs
are possible using rare-eartn alloys 1like neodymium-iron-boron (NdFeb) as
permanent agnet material.  Magnets made from this material display the
highest magnetic strength ever attained in permanent magnets while offering
siynificant savings in raw materials cost (in relation to otner rare-eartn
alloys). K 196/ stuay (Reference 74) reported that NdFeo has the potential to
capture »U-Yo percent of markets shnared by conventional alnico, ferrite, ana

rare-earth samarium-coba it magnets,
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Lorrosion is a major problem, however, witn idFeB magnets. Tne material
constituents themselves form a galvanic cell which reaaily corrogss.
Neodymium is one of the least noble metals and, therefore, is sacrificial to
almost every otner metal. Also, neodymium readily forms a loose oxrige in tne
presence of moisture. Finishes applied over an oxidized NdFeB surface recaily
flake off. This prevents the use of most standard finisnes incluging "wet"
prrocessing 1ike cadmium electroplate and the more permeable coalings sucn &s
paints. Adequate protection of these magnets is a major cnallenge,
particularly in the more corrosive environments.

Although neodymium is also sacrificial to both aluminum and caamium, IvC
aluminum has been found to be an effective corrosion-prevention, carrier
coating for NaFeB magnets. The IVD processing allows the magnets to stay cry

during precleaning {aluninum oxige grit blast) anua during coating 1n tne

T

vacuum cnamber. IvD aluminum alone nas been snown to provige adequat
corrosion resistance for applications such as Dataproduct's 3-montn, 144°r, Y5
percent relative numidity test.

In aaagition, VD aluminum proviages an excellent pase for Suoseguenl
topcoating because of 1its columnar structure, adhesion, excelient coverage,
ana uniformity. As snown Fn Figure 45, tne corrosion resistance perrormance
of IVD aluminum on NaFeB magnets in a 5 percent neutral salt T0g environment
can be ennanceu witn topcoats. MCAIR subsequently developea an iVl aluninu:
basecoat and Xyla 101 ceramic sealcoat system whicn proviaged 100U-nour

protection in a 5 percent neutral salt Tog environment (Reference 75;.

ne use of IVvD aluminum on MeFed magnets has becone a standara tor sa2veral
of the largest magnet manufacturers. In adgition to proviaing needey
corrasion resistance, coating costs are relatively low as most nagnel sizss

can be batch-processed in barrels rather than nana-fixtured.

t. OEPLZTEU URANIUM SUBSTRATES

Uepleted uranium (UU) 1s an abungant Dyproguct of tne nuclear eliercy

industry. Military applications for this dense, malleaple material include

ballast weights ana armor-penetraving tunitions. Lo 1s classifiau as a
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VD Aluminum VD Aluminum VD Alumirum

Coating Overcoated Overcoated with
(Slight Cerrosion with Epoxy Epcxy Primer
on Edges) Primer and Polyurethane
(No Corrosion) Topcoat

(No Corresion)

Figure 45. IVD Aluminum-Coated Neodymium-lron-Boron Magnets after 100 Hours
of Neutral Salt Fog Exposure.

v

“controiled materiai" because of its ragioactivity ang, tneretores, roc.i-e
special nanuling. It is also susceptivle to corrosion anc forms @ 1ocse _aile
When expused 0o tne general environcent (riuure s=c,.  Inis uxide 3 oulin e

ard raaloactive.

in auuition to nandling preblems, taere 1s also concern for toe asilit, of
bu components tu Ttunction &s$ desSigned arler exlenced Lurious i Serinz and
resulting corrcsion. A U.S. Army worksncp on LU Corrosion  ceference .o,

lates o corr.osion

[¢¢]

reported tnal nydrogen anc cnlorice don mechanisss  r
adversely affect surrvace appearance, cause a 10S. of material, a G=crease in
guctility, andg a loss of strength. Tnese facters ingicate tne necc Tor nic
perforinance coating to provige lony term protection.

Refererce 7b concluagea that IV0 aluminum was tne best of tne tinisnes
evaluated for Du. Various electroplated anu electroless deposited coatligs

were included 1in tne evaluation. Both humidgity ana sait  spiray  tests

88




WEre ConduCted. [REVE: : Y

1
Proteclive TInisnes Tor Ju o (re LB . RS, E I A U R RO TR
IVU alurinur prodided proteclion Tar Saperior Lo thnat ot any ot tne LTS
tinisn=s.

I Tweo, tne o Lo wrmy Cunilialied Wt MoAle Dooww Onsivals Lol

aluiminat: was 31 Teasibie produciicn process Lu protect ol penctrator Cores Tov

Several proJectile prograis  (Ketercnce /o, TNe Prugré’ was  sulent
concludeu; a4 UU penetratour Core clatod witn Ive aluiidnun 3¢ snoewn it o
/7. Tne VD alumiinui process was SNowl Lu Lroy 1Jde

Wt
gt d

Lrie fJi]U‘:Y]”‘_A Critical areas:

20 .




[

I

0 Corrosion resistanc
0 Coating acnesion ang unitoraity throughcut @ froguciion 10T
0 Cost efrective proauction rixturing
0 Kework capability
B e T T SR I T . .
S
5:‘”*“"'":“-51 pieeelereadaes ,.'.f b
Nt o s u...-::- va .a-...u-...;.‘..._m.._..é
Figure 47. IVD Aluminum-Ccated Depleted Uranium Penetrator Core.
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Boeina testea the resistance of IVD aluminum to hyaraulic tluic ang vaint
stripper (Reference 81). The hydraulic fluid resistance test consistea of
immersing fasteners in BMS s-11 fluia for 30 days at 70+ 5°F. Tne coating
adhesion and visual appearance were not affected by the test. rasteners were
also immersed in Turco 5351 paint stripper at 70+5°F for 24 nours, and again
no aaverse effects were found.

Pratt & Whitney tested various corrosion resistant finishes inciuaing lvu
aluminum and diffused nickel-caamium on 410 alloy steel stators (Reference
17). As part of their tests, tne finished stators were immersed in tull-
strengtn B&B 3100 engine cleaner for 4 nours. Altnougn ncne of tne finishes
appeared to be harmed, the engine cleaner was analyzed by atumic absorption
spectrophotometry. No aluminum was found in the cleaning solution ingicating
all aluminum based coatings resisted attack by the cleaner. However, they Gid

find cagmium from the aiffused nickel-caamiun-plated stator.
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SECTION VII

REWURK AND FIELD REPAIR

The incidence of in-house rework ana field repair of 1vD aluminum ccatec
parts is minimal. As previously discusseu in Section 1i{A],
coating-to-substrate achesion for IVD processing is excellent. In acgaition,
most processors glass-bead-peen the coating which provices a 1UU percent
nondestructive aahesion test. Poor to marginal coatings are cetectea witn
this procedure wnich is a more thorough quality check than standarag tape anc
band-to-break testing. Also, the coating is soft ano guctile; it theretore
resists cnipping and will not rip-off witn mecnanical abuse. rowever, as is
tne case for any rinisn, incorrect processing procedures can necessitate tne
need for in-nouse rework. Also because the IVD aluminum coating is sori, line
caamium, coated parts in service are subject to scratchnes and <an  Le
abrasively camaged. Rework ana repair tecnniques are therefore necessary.

A. IN-HOUSE REWURK AND REPAIR

Procedures have been established covering poor coating adhesion, incorrect
thickness, repair of scratcihes, bare areas 1in tihe coating, ang scheculed nwou
Maintenance. Tnese procedures are summarized below.

1. Poor Coating Adhesion

a. For general or extensive non-aanesion:

(1) Strip existing IvD aluninum coating oy cnemical (solius

nydroxige) or mechanical {glass bead or aluminum oxige grit) proceuures.

WUTE:  tmorittlement relier ba<ing (275°F for ¢4 nours) is
required on nign strength steel parts after chemical stripping.  MeChanicsi
Stripping of a normally adherent IVU aluminum coating 1s difficult.

() Recoat witn VS aluminum.
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b. For local coating non-adhesion:

(1) Peen coating surface with glass beads at 60 psi.

(2) Lightly grit olast coating surface at 30 psi witn aluminum

oxide grit.

(3) Reccat over bare arex ang existing coating (mask only as

required to maintain tolerances).

2. Incorrect Coating Tnickness

)

&. When tne coating 1s too tnin:

{1} GCvercoat to correct thickness with IVL aluminum.

b. When the coating is too thick:

(1) Strip existing IVD aluminum coating oy cnemical (soaium

hydroxide) or mecnanical (aluminum oxige grit) procedures.

(z) Recoat with IVD aluminum.

3. Scratches In the Coating

a. When scratches occur before assembliy:

(1) Blena in scratch{es) by glass bead peening at 4u psi.

t¢) Chromate or recivomate tne burnished  area. Erusn

chromating is acceptable,

b. When scratches occur after assenbly:

(1) Follow an applicable fiela repair proceaure.

o3




4. Bare frea in the Coating
a. Follow procecure 1. for local coating non-aahesion.
5.  Scheauled ALC Maintenance

a. Strip existing IVD aluminum coating by chemical (sodiun

hyaroxide) or mechanical (aluminum oxiae grit) procedures.
b. Reccat with IVD aluminum.
8. FIELD REPAIKR

Procedures have been established covering scratches in tne <oaling anc
pare areas in tne coating. ‘ror bare areas, tne repair can pe mate usSing
several methods, including primer ana paint, brusn caamium, ana sacriticial
aluminum-basea paint systems. These procedures are presented below.

1. Scratches In the Coating

a. blena in scratch(es) by burnishing the daaged area and an area

1/4-incn wide around the peripnery of the damaged area witn an aorasive pad.
b.  Brush-chromate the purnished area.
<. Bare areas In tne CLoating

a. The following general procedures are applicable to &ll fielg

repairs of bare areas:

(1) Remove paint from a 1/4-inch wide section anu scutf around

the perignery of tne damaged area.
(¢) Solvent clean tne repair area to remove oil ana greases.

(3) Abrasively remove any corrosion products.
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(4) Repair area using appropriate metnod presented below.

{(5) Check the adnesion of the repair by tape testing.
D. For prime and paint repair:

(1) Brush-chromate tne repair area.

(2) Apply 1 coat of epoxy primer.

(3) Apply 1 coat of polysulfide.

(4) Apply ¢ coats of polyurethane topcoat.
c. For brusn caagmium repair:

(1) Brush cadmium plate to a minimum tnickness of u.72 mil

where tolerances aliow.

(¢} Emorittlement relieve (375°F for ¢4 hours; as applicable.

(3) bBrusn-chromate tne repaired area.

(4) Apply paint primer and topcoat as applicable.

a. For A]seaﬁ:)51b {sacrirticial aluminum based paint) repair:

(1) Appiy A]sea{:DSIb per the manufacturer's specification.

(¢) After curing (requires elevated temperature), Dburnish
rather tnan baxke tne coating to make it electrically conauctive. Hang burnisn
if there is nou access to 1 glass bead peener.

(3) brush-chromate the repaired area.

(4) Apply paint primer anu topcoat as applicaple.
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e. For Sermete{:> 249/Sermetel 275 (sacrificial aluminum-rases

paint) repair:

(1) Blend any sharp edges between the uncamagea coating and trie

substrate.

(¢) Apply 0.8-1.0 mil of Sermete£:>249 per the manufacturer's
specification. Cure at room temperature for at least 1/¢ hour.

(3) Apply Sermete{:) ¢73 catalyst over the drieg Sermetes:)

¢49. Allow the catalyst to set for 1 hour and rinse with deionized water.

(4) Smooth out any roughness between tne 1VD coating ang

Sermeteﬁ§>

(5) bBrusn-chromate the repaired area.
(6) Apply paint primer ana topcoat as applicaole.

MCAIR tested the corrosion resistance of the "prime and paint r2oair” on

Six o- Dy b-inch 4150 alloy steel penels (Reference s¢). The panels naag thneir

(4%

paint and IVL aluninum coatings removed from a U.5- by 1.0-incn area in in

[e¥l

center ¢of tne panel ana the "prime ana paint repair" applied. A Giagion
line was scratched in the coating systems on three panels. The panels were
then subjected to the Naval Air Develoument Center SOZ salt fog exposure
test for <3 aays. As shown in Figure 4&, there were no signs of corrosion.

MCAIR evaluated brush caamium plating as a field repair for IVD aluninum
cn twelve 1- by 4d-inch 4150 alloy steel panels (Reference o&s). The I[v0
aluminum was removed from tne center section of each panel and replaced witn
brusn=-applied caugmium in thicknesses of U.b and U.75 mil. Six of the Lrush
cadmium repair specimens were cnromates (Type 11); the others were not (Type
1.
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Epoxy Primer-Polysulfide Sealant - Polyurethane Topcoat

Figure 48. Prime and Paint Repair of IVD Aluminum-Coated Panels
After 28 Days of SO 2 Salt Fog Exposure.
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Half of the specimens representing each brush caamium plating category
were exposed to a neutral salt fog exposure for either 19 or ¢3S days and the
remaining specimens were exposed to an S0, salt fog environment for o gays.
The chromated, 0.75-mil thick caamium ftinish offered tne best corrosion

resistance in neutral salt (see Figure 49).

Two 0.5 mil, nonchromated cadmium repair specimens failea (red rust) in 19
days in neutral salt and all of tne cadmium repair specimens failea the d-cay,
502 salt fog exposure. However, cadmium 1is known to perform poorly in
aciaic environments as discussed in Section III(B). Also, it should be notea
that the test panels were not painted after application of the brush cadmium,

and painting would be a normal part of fiela repair.

MCAIR did not conduct a formal test of h1sea§:> 515 as a repair
proceaure. however, they dia demonstrate that ~lsea) 516 can be
succe2f5u11y applied to damaged IVD aluminum-coatea steel panels. AlSO,

Alsea 51¢ was applied to an alloy steel panel, scribed anu exposed tc & o

[7g)
cr

percent neutral salt fog environment for 9,000 hours without red ru

(Reference c4).

Cleveland Prieumatic Company (CPC) evaluated tne corrosion resistance of
variocus Ivu repair proceaures recommenifi by MCalx as well as several otner
potential tecnniques, notably Sermetel 249, on 4- Dy o-inch &lsy alioy
steel panels (Reference 65). The repair material was applied to an area
l-incn in aiameter. The panels were then exposea to a 5 percent neutral salt

fog environment for 4 weexs. C(PC reportes tnat:

0 Alsea‘:)51b is not a feasible repair ftor them because it does not

cure at rcom temperature.

) Three repair netnous wnich were testea, namely, Sermete(:) sy,
brush-caamium plating using tne Uali ¢cuc¢s sclution, ana the applicaticn of
primer, sealant, and paint, proviged acceptanle corrosion-resistance

protection,
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-Coated Panels After 28 Days

num

i

ir of IVD Alum

um Repa
of Neutral Salt Fog Exposure

Figure 49. Brush Cadm
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) Ofifse three acceptable repair methods, tne Sermete{:>249 usea with
the Sermete ¢/3 catalyst offered the greatest aavantages to them. It was
relatively easy to apply, required few tools or materials, cured at room

temperature, and offerea excellent salt spray corrosion resistance {Figure 5uj.

St RGN I8 8050t 0 s et oo 7

R

280-Hour Neutral Salt Fog Exposure 672-Hour Neutra! Salt Fog Exposure

Figure 50. Corrosion Resistance of Sermetel®249/Sermetel®273 Repair.

0 Tne interfaces between tne Sermete%EDanu [VU aluminum coatings must

e blended to prevent the 255matiun ot bubbles in subsequent paint coatings,
MUAIK regected tne Sermete

¢d9/cl3 szpair without turthner testing because
of the formation of bubbles and staining in the repair area.
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In addition to the repair procecures ciscussed above, arc-spray <
may also be a feasible fiela repair. »NCAIR originally tested 4- by o-1ncn Lio
aluminum-coated alloy steel panels that had arc-spray aluminum appliec to nirs
areas in the form of diagonal strips ranging in widtn from 1/16 to 1/« inca
(Reference 86). MCAIR reportea at the time of these early tests that ine
carrosion resistance of tne repairec panels was acceptable 1in 5 percent
neutral salt (2,164 to 7,248 hours before red rust), but lccal nonachesicn of
the arc-sprayed coating was present on all the panels at tne interrace wits
the IVD aluminum coating. MCAIR later retfestec arc-sprayed aluminur
(Reference §&4). In tnis later test, tne IVD aluminum coatea alioy stes
oanels were partially strippea by grit clasting to simulate danage. Tne areas
arouna the dumaged sections were masked, and tne 0amages areas were Ccated

witn arc-sprayed aluminum. After c¢lass beau peening &t &J psi, o=

arc-sprayed coating was smocth, adherent ana uniform in tnickness (/ 7Tils..
After cnromating, tne paneis were exposea to Z,184 nours of o percant ns.iri,
salt spray without substrate corrcsicn. WCAIR  reported tnat aGuitiura:

testing, incluaging the development of application procegures, snculd o2
conducted before this method coula oe recommengea for fiela repair. TaCie o<

summarizes tne various fiela repairs fTor pare areas in [V0 aluminum clatin.s.

TABLE 28. FIELD REPAIR TECHNIQUES.

Repair Method | Comment -_#ﬁ’
Prime and Paint Acceptable. But No Sacrificial Finish on Substrate )
Brush Cadmium Embrittlement Relief Required for High Strength Steel |
Alseai 518 Requires Minimum of 400°F Curing Temperature z
Sermetel 249:273 Cures at Room Temperature With 273 Catalyst ]
Arc-Spray Aluminum Displays Potential. But More Work Required J
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SECTION VIIl

PROUCLSSING COST

In an effort to compare IVU aluminum anu cadmium, the recurring lacor end
material costs involved in processing a given type generic part were
examined. Tnis examination includea a study of hazardous waste treatsent,
collection, and disposal costs. An estimate of the capital costs invoived was

addea to obtain a comparative picture of one process versus anotner.

Processing costs can be arfected by many aifferent varizoles. omnootne
g J Y

)

first place, there are many aifferent cadmiui Processes. L.

ryeovariation in

Vi

part sizes and snapes, different quantities of parts LeINg .rolassSced &l ahy

one time, daifferent eguipment or  aCcessorizs  beiny uicd, CiTrerent
proriciencies of operators, different states of facility rogernizaticn, <tc.,
are examples of variables whicn signirticantly arrect processing costs.  fvin
it all of tnese variaoles were neia curnstant, costs «ill stiil wvary, Z2hon.
processors. Tnere are alfterent local regulations  afrecting  processin
procedures as well as uifferent accounting metnods Tor allocatlng CoSLs.  Tor
tnis reason, tne erfort reported nherein 1s necessarily, 1imitec to proviaing
only a general iddgea of the rzlative COSLS ©F e COmMonly wsSed <id 1.

grocesses and the IVD aluminum process.

In  comparing the IVD aluwinum  process witn  tne  “priunt”  cad i,
Tow=-eiibrittlenent  caqumium,  vacuuil  Cadliuh, and  difrusss nicael=Ciudios

processes, tne tollowing general Zonclusions can b2 drann:

0 Tne Girect processing costs reguired Tor 1¥l alunines 15 uencrdin
nigher than that required for vacuum and "brignt" cacmium and 1ess than Lial

required rour Tow-emprittlement cadgmium ana gitfused nicsei-caguiue.

0 VL alusminum processing has no recurring pollutign-related cosis.
Tne pollution control costs for all caamium processing {(including capita
treatnent, collection, and disposal of ndazardous wastes; are major cost

factors.,
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0 The capital equipment outlay ror VU aluninui processing 15 an ine
same general category as tnat required for caamium processing 1f trne polluticn

control eguipment requirea for caamium 1s included.

0 Wnen the direct processing costs, recurring pollution ceontrol costs,
anc capital costs are compined, IVD aluminum appears to cost more than vacuun
cadmium, approximately the same as “brignt" cadmium, and less

nan

ot
oY

low-embrittement cadmium and ditruses nickel-caamium.

In  surveying aifferent wetal finisning operations 1o  cobtain  cost

intormation cn IVD aluminum versus caamium proCessing, tne 7most neaninu ol

gata was obtainea from indepenuent contractors or "job-sncps" (Reference o/,
Two facilities were visited anc botn were protiziznt an 2o aluminu: ang

cadniuwh processing. A variety of Garts were Lelng proCessed; Oferatirs wer
well-trained, ane  egulpient/accsssoriss  were  relatively stete-or-inc-urt.

on tne cuntricution o total cost of Une variguy

10, meaningtul Intors

COSL T3Cturs was odTained., Tness Custs were LNEN gveraged Jitn fials in-neuse

Costs.  Jacle <2 33 & suwmnary of  tne rejative Costs for ciundumoand Lo

L BN . —~

WRInLT Lroeass i 0T g pefieric Il Wil Gn efVeidpe ST dpproclialony o0

T2 0 o Tngnes 1Nl LZiIng felSsses 3NU Sroirusicns.

TABLE 29. RELATIVE COSTS OF IVD ALUMINUM VERSUS CADMIUM PROCESSING.

Cost tor Generic 36 x 12 x 8 in. Detail
CostFactor IVD Vacuum | “Bright" | l.ow-Embrittlement Ditfused
Aluminum | Cadmium | Cadmium Cadmium Nickel-Cadmium
Direct Processing $105 $70 S 80 Si26 | s121
-- Labor €57~ 76%A 68%. 84°¢ [S]8
— Capntal 357, 297 32°- 16%: 407,
Poltution Control — S 4 S 25 S 16 S 14
— Recurnng 67 BT 67 . 67
— Capial 337 33°: a3-- 337
Total $105 74 3105 $140 LA, 3135
Future Direction R - * ‘ ‘
A
neourect S e L O A R Taie o are BT O RIS -
COLLrTAnG and o Saoital o Losis, T Aoy recuLrang wont ds dater el

~ . . \ L. e aw . - 3 . . . R
ConDLiiLales uboal BY Luercsnt Ul U LoUan Lusi. sl e L




utilities, cnemicals, aluminum, cacdmi.g, etc. are avout egucl for the various

SUo1s a Tlow cnare

D

processes and are not shown in tne compariscn. Table

{

showing tne processing steps requirsu by MCAIR specifications for tne various

processes. An approximate labor reguirement for eacn ste22 1S Shacwn N
TABLE 30. PROCESSINGFLCW CHARTS ANDLABCR AZQUIREMENTS FORIVD ALUMNINUM
AND CADMIUM PROCESSES.

IV Aluminum Vacuum Cadmium 5 E.Iectvr‘u’?Alaleq Low-Emor:}lIement . Dmusedv
N Bright” Cadmium Cadmium Nickel-Cadmium
{136 Person- {106 Persoi:-
Minutes Detail) Minutes Detail) (107 Person- {211 Persan- (140 Person-
Minutes Detail) Minutes Detail) | Minutes Detail)
Vapor Degrease (141° Vapor Degrease {145 - Vapor Cegrease 41" vaper Degrease (14° Vaper Dogrease (14)°
Gt Blasti132i GntBlast(32) Gnit Blast (16} GritBlast 22i GritBlast 16)
Alxaline Ctean 101 Water Wass 2y Angetic Clear (10}
3-Step Witer Rinse 1101 3-Step Water Prse i,
tHot. Colg. Dewnizen) 1Hot. Coid. Deiomzes
Picklei2i Pekla 2y
~Hydrochlornic Acigh iHcrochiens Aot
|
'i Coid Water Rmsz3i Caldvater Rirsy
NiCho PRatg 10
13 Getans Per
30 nun Cycler
2-Step Water Rinse (2,
iCola Hoh
Sansl. cacmaum Coat: 30, Cagrium Piate (10, Cacmium Pirs 40 Brignat Caamium
20rtaisker 4 Deiaiis Der A Details Por Piate (100

) min Cycien 10mnlycler 120 min € cies
! I

Giass 2-Steg Water Rinse 1 31 4-Step Water Rinse  2) 2-StaoWiatar Ringe 2.
«Coig Hon 1Cold, Neutranzing, 1Cole hou
Colg. Hot
Blow Dry 14 ' Biow Dry (41

Blow Dry 14y

I Jmenprt 2 . o
Ineprct 4 | Insoec negact i
. - i T e - - UL IV . L LT T -
i ST A0 TCKS s AL s D Trannss o  Ades TGkt LS SRRS0 T and Tk
3

Apply Temgerature Spat
fngicator i1 1)

Embnitticrrent Relieve 151
124 Heur Cyoled

Alna e Cizar 4y inspect Alesiing Cloan 4
Mty Emnritlemens

Ronet Test,

| 2-biep Water Ringe 16) Magnetic Particle 2-Step Water Finse (6

) inspect:en (<01 iHot Coi

| Jipwn Cagmuum Plating | vaper Degrease (14) dipin Canmaum Plat g

; Solution 3y Solution .3y

l CoaWNyarRinge 7, WetAtrasive Clean 28+ | Cold Water Rinse 12y

|
Yonren Cmeam g Canyergion Chromate Conversion chremars Corversicn Trromate Comnrsen

BBEUES Uoanid Coatih Coatid
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person-minutes on the flow cnart. Processing steps that, wnen rejuired, would
be common to all of tne processes such as masking are not shown. 1t s
assumed tnat tne "prignt" caamium process is usea for low-slrengtn Steel
applications (no hydrogen embrittlement relief), anc low-embrittlement caGmiufi
s usea for high-strengtn steel applications (hyarogen embrittlenent reliet
required). ootn the 1VD aluminum and vacuum cadmium processes can be used T10r
nigh-strength steels without the nyarogen emprittlement relief  step.
Low-embritilement cadmium is tne most laborious process because 0T steps lameén
such &s baking and magnetic particle inspection to assure the part 1S nct

aftecteu by nydrogen embrittlement. UDiffused nickel-caumium reguires tne must
processing steps; vacuum caamium tne Teast. Tne labor cost per cetall was
derived by multiplying thne total person-minute requirement for eacn process oy
JU Gollars per nour, Tnis amount 1S tnougnt to De representalive ¢F aALL anu

MLAalx labor costs.

Tne approxiinate 4irect processing capital costs for the various processes
are snown in Taole sl.  The 1vU aluminum capital cost incluces the coater ang
degicated equipnient such as a grit olaster ana glass beaa peener. Tae veacuul
caamiun cost incluaes tne coater ana a aedicated g¢rit plaster. Tne brignt
caamium caprtal cost incluges wet tanks, rectifiers, an overneau crane, 0
exnaust system, sump pumps, ana plumbing expenses. Ine low-enbrittlenent
caginium cepital cost is similar to Drignt caamium with the aggition o1 @
Turnace tor enmtrittiernent relief. Tne aiftfused nickel-caamium Cagital Cost 1S

similar to tnat for Jdow-endrittlement cadmium  (furnace for nicsel-vauniu,

TABLE 31. DIRECT PROCESSING CAPITAL COSTS.

Process VD Vacuum | “Bright” | Low-Embrittlement Diffused
Aluminum { Cadmium | Cadmium Cadmium Nickel-Cadmium
Capital Cost $600,000 | $360.000 | $320,000 $350.000 $480.000
Cost Per Hour? $43 $26 $23 $25 $34
Cycle Time (hr) 0.87" 0.67° 1.15° 0.80° 137
Per Detail
Cost Per Detail 337 $17 $26 $20 47

a Tost per hour represents the capital cost amortized over 7 years at 2000 hours per year
b Ccuptal cvcle tme for the vacuum processes is coater cycle time diviced by the number of getails per cvc'e iTatie 30!
¢ Capitalcycle ime tor the wet proceoses is the sequence of processing ~teps: Table 30) requiring the continualuse o' tre
overhead crane
— For 'brnght cadmium. it starts with atkaune clean and ends with chromate conversion coating
— For low-embrittlement <admium 11 starts with water wash ang enads with inspecton of adhesicn anad imckness
For aifused nickel-cadmium 1t stans with anoaic cleans and ends with Cnromate comversion ~oatng
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aiffusion) with the adcition or tanks for niccel plating. Tnese costs reflect
new, state-of-the-art equipment. vapital costs for tne wet procasses nave
been adjusted tu reflect common usage of sucn items as grit plaSters, Cverncad
cranes, strip tanks, ana plumbing. Equipment common to all cf tne processes
and/or common to a number of other processes s5suChh as  Vvapor Jdegreasers,
chromate tanks, anu magnetic particle inspection bootns are not includes.
Capital cost per nour was derivea by amortizing capital COSUS Over seven years

on a one shift basis. Please note that this cost per hour can vary wicely

w

according to accounting methoads and equipment utilization. A two shirt u

au

T

over seven years, for instance, would reauce tne capital cost per ncur Ly Su

percent.

Figure 51 is a flow chart representing the typical nazardouuas wsste
treatment cycle for caamium. Tne rinse water anu overflow from cCauniun
plating tanks and caamium strip tanks fiow into a ncoluing tank where Lhe wéSic
water is analyzea. The waste water is tnen transferred into a treatient teans
Tor cyanige cestruction through a series c¢f cnemical steps. Tne retel
nyaroxiges are precipitated to tne vottom of the tanks. Tne clean liguiu an
top of tne tank is then tested ana aischarged into the scwer. Inc netal
sluage is transterrea into a tilter press or centrifuge. 1Ine tiltrate (cClean
Tigquia portion coming from tne filter pressy is further analyzes UeTore
release to tne sewer. Tne aewatered metal sluuge 1S tnen furtner reduCcu In
volume oy crying betcre beine placea in approved containers Tor Cisiusal as

nazardous waste.

Tne pollution control cost shown in lable <Y is tine cost associated ity
tie rigure ol waste treatment cycle. Tadle o¢ 18 an approxiiale Lreakdown of
Tnese COSLS wnicn are an average Of MUAIR ana “Job-siup" coSlS. Ledur unice
agaln is tne major recurring cost factor. however, for pollution countreol, tne

Culbination of chemical, utlility, waste disposal, anu miscellanegus Cosis ore

a significant recurring coSt factor. Capital cost per hcour was derlvds o

awortizing capital costs Gver ssven years on a ogne~shitt Dasis.

Tne total cost snown in Tavle se¢ is typicel for waste treatnent plants in
wnicn sevezral melal finishing processes in aadition Lo the Cadiiuan pridess ae

treated. RS g result, thne poliution contrul CosSTS TUr tne varicus Caoil.
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TABLE 32. WASTE TREATMENT PLANT COSTS.

(583:,";38;05;) Cost of Waste Treatment Facility
Recurring S 86
Labor 38% - Tank Maintenance. Analysis. Records
Chemicals 16% — Cyanide Destruction, Cadmium Precipitation
Utilities 26°0 — Water. Electricity
Disposal 17° — Hazardous Waste: Cadmium Sludge. Tank Filters
Miscelianeous 3°c —OSHA Compliance. Permits. Insurance
Capital S 42 —Amortizedon7 Year.2.000 Hour Year Basis
Total $128 —Combination of Recurring and Capital Costs

processes are ft2Ctored Dpased on estimated usage of the waste treatment
facility. The factoreu cost per hour is shown in in Table 35. TIne Taole ¢v
pollution control cost is derived from Table 33.

TABLE 33. POLLUTION CONTROL COST PER DETAIL.

Process ivD Vacuum | “Bright” | Low-Embrittlement Diffused
roces Aluminum | Cadmium | Cadmium Cadmium Nickel-Cadmium
Cost Per Hour'"! — $6 $22 $20 $10

Cycle Time (hr) 0.87 0.67 1.15 0.80 1.37

Per Detail

Cost Per Detall — S$4 $25 $16 $14

Note

(1) Assume atreatment facility usage factor of 1 725 tor “bright” cadmium  16° for low-embrittiement cadmium 8. for diftused
nickel-cadmium and 57 tor stnpping vacuum cadmium fixtures and shields
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Pollution control costs, especially capital cost, woulu be consigeraply
higher for a plating shop with a limited number of processes requiring
pollution control. It should also be noted that the capital cost average is
conservative. MCAIR, for instance, invested $625,000 to treat rinsewater from
several metal finishing operations in 1970 (keference 90). Since then, tne
system has been up-graded with a drainage control system ($13,480), backup
generator ($4,625), centrifuge ($200,000), and new storage tank ($35,000).
None of these costs were increased to current dollars. There are no pollution
control costs associated with IVD aluminum.

The cousts analysis presenteu in tnis secticon i3 for 2 giver noint in

time. Regardless of the effort to present data as current as possible, it
became evident that the finisning industry is experiencing a rapidaly changing
business environment wnich will greatly affect future costs. Tne consensus
opinion, nowever, on the direction of these costs is unequivocal---the costs
of all cadmium processing is increasing rapidly relative to IVD aluminum
processing due to environmental pollution-related laws and regulations.

Besides being pollution-free, IVD aluminum processing nas an aaaitional
cost-related advantage over caamium processing. Cadmium is a mature process
witnin the finishing inaustry, whereas IVD aluminum processing is in a growtn
phase and 1s experiencing major productivity improvements as its acceotance
and usage increases. Witnin the past few years, for example, a rutary racc
accessory was developed to rotate parts insiae the IVD vacuum chamber during
tne coating cycle. Tnis eliminates tne need to turn some parts over by hana
after coating one side, and tnen go through a secona pumpaown and coating
cycle. With this accessory, processing time is reducea by approximately ou
percent. The rotary rack accessory is shown in Figure 5¢.

A dual-barrel accessory, shown in Figure 53, for coating large numbers of
small parts by barrel tumbling was also recently developed. Tnis accessory
increases the amount of parts processed in a single coating cycle by
approximately 100 percent. A third example of recent proauctivity
improvements is the use of a Cryopunping system to shorten pumpdown times.
witiiout tne cryopump, pumpdown times under humid atmospheric conditions may be
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Figure 53. Dual Barrel Accessory for IVD Aluminum Processing.
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as long as 1 1/¢ hours and represent 75 percent of a two nour processing
cycle. With the cyropump, the total cycle time can be shortened to about 1
hour, a vreauction of 50 percent. Figure 54 snows pumpaown times witn and

without a cryopumping system. 3

10
Typical Cycle
Pressure 101 Without Cryopump
(Torr) With Cryopump

102 Theoretical

’ Pumpdown
107
1074
107

0 20 40 60 80 100 120 140
Time (Min)
Figure 54. Effect of Cryopump on Pumpdown Times.

ALWARS

The above improvements franslate directly into cost reductions ftor 1V
aluminum processing. They are recommendea for poth existing and tuture acl
coating operations. However, these productivity improvetients nave yet Lo oe

experienced extensively througnout tne tfinishing inaustry.

The coater cycle time for 1VU aluminum in our cgst comparison example, for
instance, i1s 210 minutes. This time refiects tne need to pumpaownh tne coater
vd45 minutes) ana coat the 3o x 1Z x & incn aetails once, and tnen Lo open tne
coater, turn tne parts over by nand, and repeat tne pumpdown (<o nnules; and
coating cycle again to obtain acceptable uniformity. The use of tne rotary
parts nolding accessory would rotate the parts auring coating, eliminating tne
need to open tne cnamber to turn tne parts anu eliminaling a seceny coater
pumpdown.  (oater pumpacwn, the longest portion of tne coatinyg cycle, 1is
tnereby reduced 50 percent. Tnat time could then be reduced by an adgitional
U percent witn the use of the Cryopump 4accessory. with the adggitional
efficiencies of one cuating cycie rather than two ang the use ot a crycpunp,
tne <1V minute total cycle woula be reduced to approximately 1u7 minutes, a 4y

percent productivily iaprovement.
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Further improvements should continue as the process becomes more cof an
industry standara. This bodes well for future IVD aluminum cost reductions

relative to cadmium processing.

The use of IVD aluminum in place of .cadmium should elsc provide life-cycle
cost savings. These savings result from reduced maintenance, lower structural
weight, ana longer product life. In a study conaucted for the F-18& program
(Reference 88), for example, the rep]acement interval for IVD aluminum-coated
fasteners was projected to be approximately <double the interval for
cadmium-plated fasteners. At  the same time, reauced damage to thne
countersinks of tne Jiuminum structure was projected. Tnis would result 1in
additional savings from Tlower structural refurbishment costs.  Performance

data substantiating these projections is presented in Section Iil.

In aadition to Tlonger intervals between required maintenance, tnere 1S
also cost savings associated with tne overnaul procedures themselves wnen 1VJ
aluminum ratner than cadmium processing 1is involved. AsS pointed out 1in
Section IX(Ej, tne stripping of caamium-platea parts during refurbishnent
proauces nazaraous wastes and results 1in adaitional collection and aisposal
costs. In contrast, there are no hazardous waste problems or cost associated

with the removal of aluminum coatings during refurbishment.

Tne use of [VD aluminum in place ot anodize coatings on fatigue-critical
aluminum Structure reduces the weignht or increases the life of these
structures; see Section VI(A) for technical details. These benefits translate
into life-cycle cost savings by readucing aircraft size ana relatea operating
Costs or by reaucing the necessity to replace structural components. cadiniun

is not an acceptable alternative for tnis application.

In summary, today's cost of IVD aluminum processing is competitive, if not
less expensive, tnen cadmium processing. nat the same time, the total cost of
cagniium processirg is increasing rapidly as the finisning industry facilitizes
and c¢nanyes procedures to control  hazardous waste production ana  meet
nealth-relatea laws ana regulations. Conversely, the cost of IVD aluminum
processing is Dpeing reduced as a result of proguctivity improvenents
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associated with its expanding usage. IVD aluminum offers advantages regarding
life-cycle costs as well. Therefore, cost consiaeration should in no way
impede tnhe substitution of IVD aluminum for cadmium. In fact, cost
consideration, similar to tecnnical performance and environmental or health
considerations, provides an aaditional incentive to substitute IVD aluminum
processing for cadmium processing.
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SECTLON IX

ENVIRONMENTAL IMPACT

The functional merits of IVD aluminum versus cadmium processing nave been
thoroughly discussed in other sections of this report. However, tne most
important reason for replacing cadmium with IVD aluminum at tne ALCs may be
found in an examination of how the two metals and their respective processing
procedures impact upon the environment.

Both aluminum and cadmium as metallic finishes require a similar
processing sequence of precleaning, coating or plating, ana postcoat
processing. Because must of the precleaning and post-coat processing steps
are common to both finishes, it is the nature of the two metals ana the actual
plating or coating process that exhibits most of their environmental impact
agifferences. Aluminum is a nontoxic substance, and the IVD vacuum-coating
process is a dry, environmentally clean process. Caamium, on the other hana,
is classified as toxic to humans; waste caamium must be hanalea and disposed
of oy approved Occupational Safety and Health Aaministration {(USHAjanu
Environmental Protection Agency (EPA) procedures. In aadition, electroplated
cadmium processing introduces additional nazardous waste materials, sucn as

cyanide 1in the plating batn, wnicn must be controlled.
A.  PRECLEANING

Tne 1vD aluminum and tne varijous cadmium processes require part
precleaning prior to application of the finish. These part precleaning
processes for alloy steel parts are shown in Table 34. Precleaning basically

consists of:

0 Solvent cleaning to remove organic contaw‘nants from tne part surface
such as grease ana oil films, cutting fluigs, and corrosion prevention
compounds.

o tnemical or mecnanical cleaning to remove surface oxices.
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TABLE 34. PRECLEANING REQUIREMENTS.

Proesss Solvents Chemicals Others

IVD Aluminum Alcohol None Abrasive
Acetone (Al,05 & Air)
MEK
Chlorinated Solvents?

Vacuum Cadmium Alcohol None Abrasive
Acetone (Al,O04 & Air)
MEK
Chlorinated Solvents?

Electroplated Cadmium Alcohol Sodium Cyanide (Option) None

Nickel-Cadmium Acetone Sodium Hydroxide
MEK Hydrochloric Acid {20°Be)
Chlorinated Solvents?

Low-Embritttement Cadmium | Alcohol None Abrasive
Acetone (A1,04 & Air)
MEK
Chiorinated Solvents?

Key:
a 1. 1.1 Tnchloroethane

Trichloroethylene
Perchloroethylene

Vapor degreasing 1is the most common solvent cleaning process and 1s
generally used with either IVD aluminum or cadmium processing. Vapor
degreasers wuse a chlorinated solvent as the cleaning agent. Various
regulatory agencies have determined that chlorinated solvents contribute
varying deygrees of harm to a worker's health ana the environment (ozone layer
and ground water). wooth IVD aluminum and caainium processing allow the use of
I, 1, 1, Trichloroethane which has higher acceptable O0USHA vapor exposure
Timits than some of the commonly used solvents and 1is exempt from air
pollution regulations in most states.

For tne application of IVD aluminum, alloy steel parts are requirea to bde
mecnanically cleaned after solvent cleaning. Surface oxides are abrasively
removed Dby a process that vrequires clean ary air and aluminum oxige
(A]Z
impact.

03) grit. Tnis dry process 1is nontoxic and has no environmental

The caamium processes used for high-strength steel applications, vacuun
cadmium and low-embrittiement cadmium, normally specify the part to be
mechanically cleaned also. This is pecause chemical precleaning can cause
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hydrogen embrittlement of high-strength steel. Hhowever, the lower alloy steel
parts which are “brignt" caamium- and diffused nickel-caamium-platea are
normally chemically cleaned. Materials such as sodium cyanide (an optional
desmutting step) in tne chemical cleaning process are toxic and requirs
special handling and aisposal procedures.

B. COATING/PLATING

Tne materials required for the processing of IVD aluminum, vacuum cadmium,
electroplated cadmium, aiffused nickel-cadmium, and low-embrittiement caamium
are given in Table 35.

TABLE 35. COATING/PLATING REQUIREMENTS.

Chemicals or

Process Compounds
IVD Aluminum Aluminum
Vacuum Cadmium Cadmium
Electropiated Cadmium Sodium Cyanide
Low Embrittlement Cadmium Sodium Hydroxide
Nickel-Cadmium Cadmium Oxide
Diffused Sodium Carbonate
Electroplated Nickel Nickiel Sulfate
{For Diffused Nickel-Cadmium)

IVD aluminum and veacuum cadmium prccessing dues not reguire any cutside
chemicals or compounas. Both processes utilize envircnmentally clean vaciun
evaporation to apply tne coating to the substrate. Figure 55 shcows a typical
IVD aluminum work area. The environmental difference between the two 1S tnat
aluminum is a nontoxic element. Caumium is & heavy metal anu is toxic to

humans.  Caamium fumes or aust breatned or ingested by humans can  Cause
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Figure 55. IVD Aluminum Production Work Area.

11lness ana even ageatn. Extreme care must De taken when Cleaning <crles.
cadmium buildup from the interior surfaces of tne vacuum coating cnambers du2
to the potential nealth nazards from the cadmium dust. Even brief exposure to
nigh concentrations nave been known to result in pulmonary edema and ueain
{Reference wYy). These symptoms are usually delayea for some nours atier
exposure and fatal concentrations may be Dbreathed without surficient
discomfort to warn tne worker to leave tne exposure. TRw performed a StuGy ~,

for tne Ugden ALC ana issued a report in which they stateag:

*Shehan, 0. J., Modernization Plan Section of the Final «Report o
Mogernization of the UShF Langiny Gear Technical wrepalr cenler (InL), ceiter
oo L4llole.es-U01 from Lefense and Space Systems uruup of Tra INC., <7
Janudry 1953,
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"Possibly the most important reascn for increasing the use of IVDL in
the lanaing gear technical repair center is the nitial reauction and
subsequent elimination of hignly toxic cadmium systems usea in Mah.
After modification of the existing 1VD system ana tne procurenent of a
new IVD system, one half of the present vacuum cacmium workloaa couid
pe processed by al.minum IVU. After operators become familiar witn the
operation and capabilities of the new equipment, tne remaining fifty
per cent of the vacuum cadmium workload could be processed by IVU, *nus
eliminating the hazardous cadmium vapors."

The caamium processes involving electroplating, "brignt" cadmium, low-
embrittlement caomium, ana diffusea nickel-cadmium, reguire the use ¢f plating
solutions tnat are cyanicge based to generate tne cadmium finish. Cyanice is
nighly toxic to humans ana animal life, ancg care must be taken in the nanalinu
and use of tnis material. A typical electroplatea cadmium work area is sngwh
in Figure 56. Processing witn chemical solutions can be safe (f proper

proceaures are followed. If an acid accidentally comes into contact witn

Figure 56. Typical Electroplated Cadmium Work Area.
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cyanide, however, deadly hydrogen cyanide gas is generatea. Since acids are
commonly used for precleaning in most plating facilities, the potential exists
for accidental mixing.

The use of electroplated nickel in the nickel-cadmium process involves an
additional hazaraous material, nickel sulfamate. 1t agecomposes when heated
and emits toxic fumes consisting of the oxiaes of nitrogen (NOX) and sulfur
(SOX}.
prevent the generation of toxic fumes in the work place.

This compound requires special nandling and storage procegures to

—+

Waste aisposal is a major problem for the cadmium processes bul nol Tor

1d

Qr

tne IVU aluminum process. Treatment of cacmium plating solutions
rinsewaters 1is required. This is usually a two step process requiring tne
destruction of cyanide followed by precipitation of the cadmium. bcth steps
require separate tanks, instrumentation, cnemicals, ana man-nours. ine
cyaniae gestruction is generally performed by the alkaline
cnlorination-oxication process. This process 1is a two-stage operation 1in
whicn tne cyanige is first converted to a cyanate ana then the cyanate 1s
oxidizea to carbon dioxide (usuaily as soaium bpicarbonate) ana nitrogen.
Sogium nydroxide is used witn a chlorine source to maintain the pH of the
solution at tne proper levels in order for the oxigation reactions tc occur.

Tne etfrluent from these processes can be diluted or butfered L0 Ghiain <
safe liguid that can pe dumped in a arain with no furtner treatment atrter the
filtraticn of tne precipitated caamium compound. Tnis remaining nazardous
sluaye nust be aried ana disposed of in a hazardous waste Gisposal site. coven
then, tne environmental impact problems nave not endead. Lacmidm can Ue

extremely nazardous if it gets into the ground water system; the allowavple

ct

conceritration in waste water is only one-tifth that for arsenic. AS & resul
of tnese prcolems and thne associateg liability, aisposal costs are nich ana
are continuing to rise. tand disposal of cacmium may be banned in tne near

future,
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C. POSTCOAT PROCESSING

The postcoat processing steps for botnh IVD aluminum ana the various
cadmium processes are essentially the same. Both use a chromate conversion
treatment which proviges adaitional corrosion protection and & pase for
subsequent paint adnesion. Tne wuse of chromates 1is wunder scrutiny oy
regulatory egencies because of the possibility that lung cancer may be caused
by hexavalent chrome and ground water pollution from trivalent chrome. Tne
main concern with the cnrome compounds is witn inhalation of dust or powders.

The chromate conversion process can be a closed-loop system which 1imits
the amount of waste proaucts. To reduce the possibility of polluticn even
further, processes invoiving nonpolluting materials such as zirconium are
peing evaluatea as potential replacements for chromate conversion ccatings.
Furtner vresearch anua development is recommenged to Tind a replacement
conversion coating tnat is environmentally acceptable ana has no detrimenta

erfect on tne otner coating properties; see Section XII(E).
D. OUSHA STANDARDS

Cadmium processers must comply with OSHA Standgards as well as cPA
regulations. Innaling small quantities of cadmium dust or tumes may cause a
ary tnroatl, cough, neadache, snortness of breath, and vomiting. More severe
exposure could resuit in aeath. OSHA is in tne process of developing
stangards for tne levels ang monitoring of cadmium in the work place(*;. USna
nas proposed a personal exposure ltimit (PEL) of 5 micrograns ¢f caamius per
cubic meter as an average over o hours. Levels as low as 1 microgren per
cubic meter as an average, over & hours, are proposed to be classified as
action levels. Medical surveillance would be required for all sxposures at or
apove action levels. warning signs and step by step training would ue
requirea.  Initial representative monitoring woula be performed ugon every

full snift emplyyee in each job classification and work area within lcU Gays.

*Proposed Lode of Fegeral Regulations, ¢yCFilvlu.luc. /.
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Regulated areas would be establishea Tor concentrations above the PEL,
Processers would be required to nave a written plan to deal with emergencies
including a change room with showers for exposures above the PEL. Private
industry and ALCs alike will be required to meet these stringent regulations
which will be an added cost to cadmium processing. The use 2f cyanige
solutions in the cadmium plating process also has an impact on tne safety 1in
the work area. As previously outlined, a toxic gas would be generated it an
acid was inadvertently added to a cyanide solution. The present USHA Standarc
has a threshold 1imit value (TLV) of 10 PPM in air ana the Department of
Transportation requires 1labelling to state "Poison A, Poison bLas ana

Flammable" on all shipments of cyanide concentrate.

Conversely, aluminum is nontoxic and is safe to handle, store, ana aispose
of with stanagard shop practices. There are no OSHA Stanaards regulating tne
use of aluminum either as structural components or in 1its pure ftorm &s a
protective coating.

t. PAINT STRIPPING

Cadmium ana aluminum are both soft metals and as sucn may mix with
solutions or oDblast media used to strip paint from finishea parts. Tne
environmental aifference once again is in the nature of tne metals.
caamium=-contaminated stripping solution or blast media 1S requires to oe
disposed of as hazardous waste. Proposea OSHA Ptls for cadmium, previously
giscussed, may well 1limit the effectiveness of the newer blast mecia paint
stripping proceaures. Unacceptable limits of cadmium have been found in tne
olast media at the Ugaen ALL. Tne source of tne caumium is primarily from
cagmium-plated alloy steel fasteners installed in aluminum alloy structure.
The replacement of cadmium with IVD aluminum would eventually eliminate thnis
envirgnmental concern.

In summary, tne wuse of IVD aluminum to replace tne various caamiun
processes would provide an acceptable way to improvea tne procuct while
eliminating all environmental problems associatea witn the use of caawiun
without introducing new ones. Aluminum is not a hazaraous material., Tne
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process does not require chemical solutions, tanks, speciai ventilation, or
rinsewater. It proauces no hazardous wastes und, thnerefore, requires no waste

treatment facilities.

As discussed in Section VIII, IVD aluminum costs are decreasing witn
improved coater throughput wnile the cost of processing with cadmium continues
to increase because of environmental concerns. Poitution control ana
hazardcus waste disposal associatea with the various caamium preocesses 1S now
costing the ALCs millions of dollars each year. These costs will caontinue to
rise as more stringent EPA ana OSHA Standards are enacted. "Craale to Grave"
legislation will continue to make the ALCs responsible for any cleanup and
liable for both past and present waste cisposal. For these reasons, some of
the ALCs have procured IVD aluminum coating equipment ana aerospace and other
manufacturers nave been converting from cacmium processing to IVD aluminum.
Tnis cnénge over will accelerate as more emphasis to eliminate hazaraous waste
is Dbrought to bear on the processors. As examples, McDonnell ODouglas
Lorporation has continually increased its wuse of IVD aluminum with a
corresponding decrease in the use of cadmium finishes, and weneral Dynamics,
Fort worth, 1is bringing their first IVD aluminum installation in-nouse with

the goal to replace cadmium processing.

Table 3o summarizes the environmental impact of the IVD aluminum process

andg tie various cagmium processes.

TABLE 36. ENVIROMENTAL IMPACT OF IVD ALUMINUM AND

CADMIUM PROCESSING.
Process Sequence
Process
Preclean | Coating/Plating | Post-Coat

VD Aluminum None None T.P.H
Electroplated Cadmium P H T.P.O.H T.P.H
Low Embrittlement Cadmium None T.P.OH TP H
Diffused Nickel-Cadmium TP H T.P.O.H TPH
Vacuum Cadmium None ! T.OH T.P.H
Key

T - Toxic materials O - OSHA standards /mposed

P - Polution control required H - Hazardous waste disposat
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SECTION X

DATA GENERATED DURING CONTRACT PERIGD

During the Phase I contract period, MCAIR generated corrosion resistance
data from "typical" ALC details that were coated with IVD aluminum. Data is
presented on parts that were coated and tested by MCAIR as well as aetails
tnat were coated and tested by the OUxlanoma City ALC. MCAIR also reviewed ALC
details that are now processed with cadmium to determine tne approximate
percent of those that can be easily changed to 1VD aluminum without concern as
opposed to those presenting an "area of concern." Researcn and development
will be directed at "areas of concern” during Phase Il. »MCAIR also testea [VD
aluminum~-coated coupons to demonstrate the generic nature of tne coating as
presented in Sections II through VII.

A. COKROSION RCSISTANCE TESTING OF ALC DETAILS
1. By MCAIR

MCAIR coated 15 scrapped (condemned) ALC production parts (Table 37
received from tne San Antonio and («klahoma City ALCs witn 1VD aluminum and
tested tneir corrosion resistance. The parts were coatea witn IVU aluitinum to
the requirements of Mil-C-83488 (Coating, Aluminum, High Purity) in tne MCAKIR
proguction facility. A Class 1 (one mil minimun) IVC aluminum coating was
applied to all parts except in the tnreaded areas. The tnreaded area of a
part received a Class 3 coating, nominally OC.s-U.5 mils. Parts naving
recesses or internal surfaces were coated using standard MCAIR procedures,
such as proper part orientation, to optimize coating coverage. All ¢t the
parts were chromate conversion-cvateg to produce a Type [l coating. Ffigure o7
is typical of the appearance of a progerly processed part. The cu-incn
diameter (ase and Vane Assembly nas been IVD alumirum-coatea, glass-peac-
peened for coating adhesion verification, ang chromate conversion-coatea.
Coating tnhicknesses for tne various details is shown in Taple 37.
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TABLE 37. NEUTRALSALTFOGTESTRESULTS FORIVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR.

Average Test
Part Coating .
Number Part Name Thickness D(Lgaat;o)n Remarks
(mils) ¥
AN 103812 | Bolt Faces of 28 Coating appearance is excellent.
Hexagon Head 1.6 67 Coating appearance is good. Some
Top of Head 1.3 coating depletion has occurred on
Threads ~0.45 two faces of the hexagonal bolt
head. Rust has not occurred.
6735892 Double Bracket Top Side 1.1 28 Cnating appearance is excellent.
Bottom Side 1.4 67 Coating appearance is very good.
Coating depletion s starting at two
spots on the edges. Rust has not
occurred.
6709768 Washer External 28 Coating appearance is excellent.
Surfaces ~23 67 Coating appearance is very good.
Coating depletionis startingon
some lands at the corners. Rust
has not occurred.
6723224 Nut External 28 Coating appearance is excellent.
Surtaces ~-2.3 67 Coating appearance is very good.
Minor coating depletion is starting
atthree spots. Rust has not occurred.
6819694 Bolt External 28 Coating appearance is very good.
Surfaces ~2.3 Minor coating depletion is starting
Threads ~0.45 onthe O.D.andinthe1.D. recess.

67 Coating appearance is fair to good.
Coating depletion is occurring at
several spotsonthe O.D. The I.D.
is showing considerable coating
depletion. Rusthas not occurred.

6826935 Arm, Power Control External 28 Coating appearance is very good
Surfaces 2.3 Minor coating depletion is occurring
inone area.

67 Coating appearance is good. Some
coating depletionis occurring at
three spots. Rust has not occurred.

359439 Seat Turbine Shaft Coupling | Top Edge 1.4 z Coating appearance is fair to good.
Lock Spring 1.D. Center 1.8 ’ Part showed early coating depletion
0O.D. Center 2.2 inone areaonthe O.D.
I.D. showed no coating depletion.
67 Coating appearance is fair to poor.

Thereis alarge areacver which
coating depletionis cccurringonthe
O.D.Onthel.D. thereis coating
depletion along part of the rim of the
part. Rust has not occurred.
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TABLE 37. NEUTRAL SALTFOG TESTRESULTS FORIVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR (CONTINUED).

Average Test
Part Coating .
Number Part Name Thickness Dtgahon Remarks
(mils) (Days)
201616 Collar, Front Compressor
(Split into Two Havles)
0O.D. Test Section Top Edge 1.4 28 Coating appearance is fair to good.

0O.D. Center 2.0 Part showed early coating depletion
intwo areas onthe O.D.

64 Coating appearance is poor. There
are two large areas over which
coating depletion is occurring.

Rust has not occurred.
I.D. Test Section Top Edge 1.4 28 Coating appearance is very good.

I.D. Top Half 1.0 There is one minor spot starting to

I.D. Bottom Half 1.2 show coating depletion.

64 Coating appearance is good. There
are four small spots over which
coating depletionis occurring.

Rust has not occurred.
6859604 Compressor Vane Blade Side 28 Coating appearance is fair to good.
Convex 1.4 Some coating depletion is occurring
Concave 1.2 at assembled faying surfaces on the

Outer Ring O.D. 2.0 compressor vane inner-ring 1.D.

Inner-Ring 1.D. 1.7 63 Coating appearance is poor. The
coatingonthe inner-ring 1.D. is
almost totally depleted due to the
coating sacrificing to the assembled
faying surfaces. The coating on the
biades is also sacrificing to the
faying surfaces to protect them from
corrosion. Rust has notoccurred.

6859606 Compressor Vane Blade Side 28 Coating appearance is good. Some
Convex 1.4 coating depletion is occurring at
Concave 0.9 faying surfaces on the compressor

Outer Ring O.D. 2.1 vane inner-ring |.D.

Inner-Ring 1.D. 1.7 63 Coating appearance is fair. The
coatingontheinner-ringL.D.is
partially depleted due to the coating
sacrificing to the faying surfaces.
The coatingon the blades is also
beginning to sacrifice to the
faying surfaces to protect them from
corrosion. Rust has notoccurred I
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TABLE 37. NEUTRAL SALTFOG TEST RESULTS FOR IVD ALUMINUM-COATED,

TYPICAL ALC PARTS AT MCAIR (CONTINUED).

Part
Number

Part Name

Average
Coating
Thickness
(mits)

Test

Duration

(Days)

Remarks

2173320

247346

6841212

67927458

Case and Vane Assembly

Coupling, Front Compressor
Drive Turbine (Longer Part)
(SplitInto Two Halves)

1.D. Test

0O.D. Test

Whcel, Compressor
2nd Stage

Wheel, Compressor
8th Stage

Blade/Side
Convex
Concave

At Center of
|.D. Gear Teeth

O.D. wali

Top
Bottom

Top
Bottom

on

28

63

14

17

14

28

28

28

Coating appearance is good. There
is some coating depletion at the
faying surface in arecess adjacent
to the inner-ring O.D.

Coating appearanceis fair. The
coatingin arecess adjacentto the
inner-ring O.D. is partially depleted
due to the coating sacrificing to the
faying surfaces. The coating on the
blades is also beginning to sacrifice
to the faying surfaces to protect

the faying surfaces from corrosion.
The O.D. of the outer ring is showing
some coating depletion at the blade
attachment points. Rust has not
occurred.

Coating appearance is fair to good
onthe {.D. The coating passed the
Class 3, Type li requirement. The
coating is depleting at several spots
onthe [.D. gearteeth.

The depleted areaonthel.D. gear
teeth began to show rust.

Coating appearance is good. Some
coating depletionis occurring
adjacenttothe areaonthe I.D. that
showed coating depietion.

The coating appearance is fair. The
coating is depleting adjacent to the
cutedge of the part. The early
depletion area on the O.D. 1s thought
to have occurred from the coating
sacrificing itself to help protect the
depleted areaon the I.D. Rusthas
not occurred.

Coating appearance is excellent.
There is one spot showing some
coating depletion. The test will
continue untilfailure occurs.

Coating appearance is very goed.
There are afew spots onthe O.D.
lands betweenblade installation
slots that show some coating
depletion starting. The test will
continue untitfailure occurs.
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TABLE 37. NEUTRAL SALTFOG TEST RESULTS FOR IVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR (CONCLUDED).

Average Test
Part Coating .
Number Part Name Thickness l'.)(tg:tn:)n Remarks
(mils) y
247346 Coupiing, Front Compressor
Drive Turbine (Shorter Part)
(Split Into Two Halves)
1.D. Test I.D. Gear Teeth 0.5 14 Coating appearance is good. The
coating passed the Class 3, Type Il
requirement. The coating is
depleting at several spots on the
1.D. gear teeth. The test will continue
until failure occurs.
O.D. Test O.D. wall 1.0 14 Coating appearance is excellent.
There is no coating depletion on the
O.D. The test will continue until
failure occurs.
Note:

1. The MIL-C-83488 corrosion resistance requirement is 672 hours (28 days} for Class 1 coatings {1.0 mi minimum) and 336 hours (14 days) for

Class 3 coatings (0.3 mii minimum).
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Figure 57. IVD Aluminum-Coated Case and Vane Assembly (P/N 2173320).
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The IVD aluminum-coated parts were exposed to an ASTM B-117 neutral
salt fog environment until failure occurred ({substrate corrosion) or until
tne testing was terminated. All o7 the parts passes MIL-C-834c6 salt fog
exposure times which are 14 days for Class 3 coatings and ¢6 aays for Class 1
coatings. Figures 58 through 60 shows several of the parts after 67¢ nours
of exposure. Table 37 gives a verbal description of the parts beginning with
eitner 14 days or 28 days of exposure.

Substitution of IVD aluminum for cadmium providea the requirec
corrosion protection to 15 typical ALC parts. This task demonstrates tinat the
majority of tne ALC parts can be coatea with IVD aluminum without sacrificing
coating quality or performance. Parts having "areas of concern" will be

addressed in future research and development as notec in Section XIlI.

1. By the Oklahoma City ALC

The Oklahoma City ALC (UC-ALC) nhas approvea 1VD aluminum coating by
gemonstrating the corrosion resistance adequacy ana process feasibility on
some of tneir production cetails that are now finishea with eitner cadmium or
nickel-cadmium. Twenty-four ALC details were coated with IVD aluminum to
MIL-(-83488, Type Il (chromated). Tne coating thicknesses are shown in Table
38. Seventeen of tne same ALC details were plated with diffuseu
nickel-cadmium for direct comparisons. The nickel-cadmium platea parts wers

processed as follows:

Nickel plate - 0.000z to 0.0004 in. thick
Cagmium plate - 0.0001 to U.uGUZ in. tnick

Supplemental chromate treatment - optional

A1l of tne details were exposed to an ASTM b-117 neutral salt Tog
environment until failure occurred (substrate corrosion) or untii termination
of the test. Salt fog auration times anc remarks aboul the appearance of tne
parts are presented in Table oso. Table 35 also snows a comparison between
IVU aluminum, nickel-caamium, ana Sermetel for one UL-ALL part. Jne coating
thickness/surface roughness characteristic for three OCL-ALC parts is shown in

Table 3Y.
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Vane, Compressor
P/N 6859604
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Case and Vane Assembly
P'N 2173320

Figure 58. 1VD Aluminum-Coated Engine Sections After 672 Hours of Neutral Salt Fog Exposure.




Bolt Double Bracket
AN 103812 P/N 6735892

Nut -
P N 6723224 PN 6709768

Figure 59. 1¥D Aluminum-Coated Small ALC Parts After 672 Hours of Neutral Salt Fog Exposure.
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Arm, Power Control
P'N 6826935

Figure 60. IVD Aluminum-Coated ALC Parts After 672 Hours of Neutral Salt Fog Exposure.




TABLE 38. NEUTRAL SALTFOG TEST RESULTS COMPARING IVD ALUMINUM- AND
NICKEL-CADMIUM-FINISHED PARTS AT THE OKLAHOMA CITY ALC.

Average Test
Engine Part Aluminum Coating . .
Number Number Part Name Thickness Coaling D(x;)r:tl:)n Remarks
(mils) y
30531R 559378 | Tierod Bolts, Front 1.3 IVD Al 92 Pits Forming but No Rust
Compressor Ni-Cd 48 Smali Amount of Rust on
Threads and Head
— IVD Al 92 Pits Forming but No Rust
Ni-Cd 23 Small Rust Spot Forming —
Entire Length
33354Ror | 157532 | Ring-RetaininglL S 1.4 IVD Al 102 No Rust
57369Y Compressor VD Al g2 No Rust
Ni-Cd 66 Rust Beginning to Form
33350R 359439 | Lock. Front 1.4 VD Al 102 No Breaks in Coating or Rust
Compressor Ni-Cd 10 Severe Rust
Turbine IVDAI | 160 | Remainsin Cabinet. Good
Condition
Ni-Cd 8 Severe Rust - Began After
Two Days
Note: Ni-Cd plating on parts above was noted to be nonuniform with white spots.
33348Yor | 208178 | Spring, Front 1.4 IVD Al 55 Some Discoloration. No Breaks
97372Y Compressor Ni-Cd a9 Dark Area on One End -
Turbine No Rust.
33897Yor | 403326 | Nut Assembly, 0.0 1.3 IVDAI 26 Rust on Internal Surfaces.
57723y or | 308892 | Accessory Drive i D. 0.5 Around Nut
057723 277092 | Pad Ni-Cd 6 Rust on Internal Surfaces.
178124 Around Nut
403327
57670Yor | 334974 | WaterInjetScreen 1.3 IVD Al 55 No Breaks
57743Y or Ni-Cd 14 Smalt Rust Spots on Screen
33511UYor
57479N &Y
30737Y 502178 | Housing. Bearing. | Face 0.9 IVDAI 26 Rust
Inner Gearbox Recess 0.3
30737G Face 1.5 IVDAI 53 Pits Beginning. No Rust
Recess 0.5
30723G 502184 Ni-Cd 14 Rust
41763R 6865326 | Link Bell Crank 14 VD Al 30 Rust
Assemaly
30670R 5107990 | Large Brackst 1.3 VD Al 55 No Breaks or Rust
Ni-Cd 15 One Large Rust Spor — Bend
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TABLE 38. NEUTRAL SALT FOG TEST RESULTS COMPARING IVD ALUMINUM- AND

NICKEL-CADMIUM-FINISHED PARTS AT THE OKLAHOMA CITY ALC (CONTINUED).

Average Test
Engine Parl , Aluminum Coating ; e
Number Number Part Name Thickness Coating D(LB:nSo)n Remarks
(mils) 2l
33670 464162 | Sortltems
Plate 1.4 IVD Al 30 Rust Forming
Small Bracket 1.4 VD Al 96 Two Small Breaks in Coating
Ni-Cd 61 Smal!l Rust Spot, Surface Black
Fitting 1.4 IVD Al 17 Small Rust Spot
Ni-Cd 154 Several Small Rust Spots
41900R 6861241 | Regulator AirFlow | 0.D. 1.8 | IVDAI 55 No Rust
Control 1.D. 0.3
30715G 739635 | Housing Gearbox. |0.D 0.7-1.0] IVDAI 53 No Rust or Discoloration
Drive Bearing
30732G 618865 | Housing Assembly. — IVD Al 53 Pits Beginning. No Rust
Gearbox Bearing
— — Housing. Inner Ni-Cd 1 Red Spots on Nonpiated
Bearing Surfaces
— — Nuts and Bolts — VDA 41 Majority Removed. No Rust
(Barreled) 58 Last Two Removed. Rust
Forming
30320X 559824 | Coupling Gearbox, | 0.D. 15| IVDAI 53 Rust. Began to Form After
Drive Gear 45 Days. Ruston Internal
Uncoated Surface
30320R 0.D. 1.3 1 IVDA! 1 No Rustor Discoloration
A00034 204104 | Carrier 0.0 1.5 IVDA 53 Pits and Rust Beginning
Ni-Cd 1 Rust on Nonplated Surface
Al-IVD Parts Had Entire
Surface Coated
30318R 565084 | Tube SealingRR 0D 12| IVDA 41 No Rust or Discoloration
Compressor Groove 05
33346R 247346 | Coupling. Front 0D 1.3 IVDAI 16 Rust
Compressor Inside 0.1 -0.3
and
Threaded
Ni-Cd 29 Rust
Test Strips 2.0 IVD Al 140 | Some With Dark Areas and
Four With Breaks in the Coating and Pits
Alodine Beginning to Form
One Without
Alodine
33348Y 359439 | Seat. Turbine Shaft |0 D 16| IVDAI 41 Breaks in Coating. Gray
364827 | Coupling I.D. 10 Surface
714165 Recess 0.1-0.3
Ni-Cd 8 Ruston 1 4 of Internal Surface
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.- Mary Reynolds

TABLE 38. NEUTRAL SALT FOG TEST RESULTS COMPARING VD ALUMINUM- AND
NICKEL-CADMIUM-FINISHED PARTS AT THE OKLAHOMA CITY ALC (CONCLUDED).

Average Test
::g“::r N::‘:" PartName M"'g.',ﬂ::;g::“"“ Coating | Duration Remarks
(ralls) (Days)
- TF30 Stator Face 1.5 [ IVDAl 27 Pits and Rust Forming/Black
Ring 1.0 Spots, Breaks in Coating After
Blade 0.5-1.0 I'? Days
Recass 0.3~0.5 | Ni-Cg 28 | Numerpus Smalf Rust Spots on
Quter Ring - in Much Batter
Congition Than Al-IVD After
27 Days
—_ 500756 | Bracket, Ignition 1.8 VDAl 41 Small Braaka In Coating/
Excitar Gray Areas
Ni-Cd ! Marbled Area- Galvanic
Reaction With-Aluminum
Masking Tape
—_ 7396358 | AB Cylinder 1.0-1.5 VDAl 4 Braaks in Coating 1/10 of
Surface
Sermetel | 41 Dark Gray Spots Over Mast of
Surface
Ni-Cd 72 | Extensive Marbied Area -
Galvanic Reaction With
Atuminum Masking Tape.
Small Rust Spots

Notes:
1. Nickel-Cadmium plating per AMS 2416
Nicket piate ~ 0.0002 to 0.0004 in, thick
Cadmiym plate - 0.0001 10 ¢.0002 In. thick
2. The MIL-C-83488 corrosion rasistancs raquirement i 672 hours (28 days) for Class 1 coatings (1.0 mil minirmum) and 336 hours
(14 days) for Clags 3 coatings (0.3 mil minimum).

TABLE 39. IVD ALUMINUM-COATING CHARACTERIZATION BY
THE OKLAHOMA CITY ALC.

Average Surtace
Engine Part Coating
Number | Number PartName Thickness R°?9|':1")'“
(mlis) Lol
30531R BE58378 | Tierod Bolts, 1.3 72
Front Compressor
33354Ror | 167532 | Ring-Retaining L/S 1.4 75
57369Y Comprassor Soupling
33360R 358438 | Lock, Front 1.4 4.5
Compressor Turbine

Notes:
1 Thickness was measurad ysed Fisherscope nondestructive coating thickness gauge.
2 Surface roughness was measured by QVC (aboratary
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In the OC-ALC tests, there were 16 direct comparisons between 1VD
aluminum and nickel-cadmium. IVD aluminum equaled or exceeded the protection
against corrosion provided by nickel-cadmium on 13 cn; 16 parts (Keference
91). The Front Compressor Coupling (P/N 247346) was one of the three parts
for which nickel-cadmium provided better protection. This part has a
threaded internal surface (ID) were the IVD aluminum coating thickness was
less (0.1 - 0.3 mils) than the minimum coating tnickness for satistactory
protection agai@st corrosion. The sacrificial, aluminum coating was rapfoiy
depleted and led to an early but normal failure for a part with a thin IVD
aluminum coating. This particular part is an example of one "area of
concern" where the length-to-diameter ratio is such that it is difficult to
obtain adequate ID coverage. This part was later coated at MCAIR where 1t
was demonstrated that a Class 3 coating (0.3 mils minimum) on the ID can be
cbtained as well as acceptable corrosion resistance. In another part, a TFsU
stator, the corrosion resistance of nickel-caagmium barely exceeded that of
aluminum (28 days versus ¢7 days). Again it is thought that the IVD aluwinum
was thin in the blade root areas and in other recesses. A section from a
similar part, the Case and Vane Assemble coated at MCAIR and shown in Figures
57 and 58, has easily passed the Class 1 corrosion resistance requirement of
28 days at MCAIR. In fact, this part is still in test after bs gays. 1t is
beginning to exhibit coating depletion in recesses ana in the blade rcot
areas but nas not failed. A similar coating depletion pattern was observed
on the TF30 Stator tested by the OC-ALC.

A1l of the 24 VD aluminum-coated parts met the corrosion resistance
requirements of MIL-C-83488 during initial testing. Twenty-one of the ¢4
parts met the ¢8 day (lass 1 requirement. The other three details were C(lass
3 coatings that met the 14 day requirement. Improvement in salt tog duration
times have subsequently been shown for these three parts by increasing the
coating thickness on internal surfaces or in recesses. Setting an arbitrary
minimum salt fog duration goal of ¢8 days, the OC-ALC more than doubleu the
prior Zb days exposure to neutral salt fog for the Inner Gearbox Housing.
Complex shaped parts with recesses and/or internal surfaces mudts~hayve

adequate VD aluminum coverage in these areas for the desired corrosion
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resistance. As noted in the previous paragrapn, the Front Compressor
Coupling and TF30 Stator were coated thicker at MCAIR and were able to exceed
28 days of salt fog duration.

In conclusion, the MCAIR and the 0C-ALC corrosion resistance testing of
39 "typical" ALC parts gemonstrates the adequacy of IVD aluminum to provide
acceptable corrosion resistance for inservice applications.

B. REVIEW OF CADMIUM-PROCESSED ALL DETAILS

MCAIR visited each of the ALCs to review the various steel detajls tnat
are now finisned with cadmium. In conjunction with ALC personnel, tnese
parts were examined to determine tnose where 1VD aluminum could replace
cadamium without concern. "Area of concern" were also identified. For these
applications, supplemental processing is required to be wused with VD
aluminum to enable adequate replacement of the cadmium process. These "areas
of concern" include adequate coverage of internal surfaces, a need for
improved lubricity to meet aesired torque-tension values, ana a need for
improved erosion resistance.

A detailed list of the parts reviewed at the ALCs is presented in Tables
40 through 44. In these tables the parts tnat are identified as "Problem
Free" are parts tnat coula be immediately changed to 1VD aluminum coating
with no known processing or operating propblems. At some of the ALCs, IVD
aluminum has already been approved for some parts. These parts are
identified in the tables as "IVD Use Approved." Those parts that present
proolems with insufficient coverage, that may have potential torque-tension
problems, or that may be subject to erosion of the cuating are identifiea as
"mreas of Concern." Whenever multiple part numbers exists for the same
verbal aescriptor for a part, typically engine components, the basis for
changing all of tne parts to IVL aluminum coating was based upon an
examination of one or more of tne similar parts.

There were 70, 156, 58, 14c, and 11Y parts reviewed, respectively, at the
Warner Kobins, Ugden, Sacramento, Uklahoma Lity, and San Antonio ALCs. Tnere
were 05 specific parts identitied with "aceas of concern™ or 11.9 percent of
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TABLE 40. REVIEW OF PARTS FORTHE SUBSTITUTION OF IVD ALUMINUM

FOR CADMIUM AT THE WARNER ROBINS ALC.

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Areaof
Reviewed Free Approved | Concern
cia

69C32794 Thrust Link X X
3P61553-101 Bulkhead Assy. X X
3P61540-101 Thrust Link Ath Mount X X
3P61558-101 Aft Engine Mount (L) X X
3P61558-102 Aft Engine Mount (R) X X
3P61552-101 Bracket Pylon X X

(Female Align. Fitting

Bellmouth)
3P61591-103 Belicrank X X
756102-103 Boit X X
756101-103 Bolt X X
756100-103 Bolt X X
78550 Ball and Socket X X
78551 Ball and Socket X X
78350 Balland Socket X X
78553 Balland Socket X X
3G10202-103 Drive Assy., Bellmouth X X
3G10202-104 Drive Assy., Bellmouth X X
3P61610-105 Pylon E Fitting X X
3P61610-107 Pylon E Fitting X X
3W01020-101 Strut Assembly X X
3W01021-101 Strut Assembly X X
3W01020-102 Strut Assembly X X
3W01021-102 Strut Assembly X X
3G11520-127 Bellcrank X X
3G11520-128 Belicrank X X
3F32086-103 Landing Gear Nut X X
3F32087-103 Landing Gear Nut X X
3G11508-109 Landing Gear Nut X X
3F31000.11C Link Attach Drag Brace X D
3P61551-105 Side Load Fitting X X
3P61551-107 Side Load Fitting X X
3P61554-101 Bulkhead X X

C130

526385-1 Barrel X X
526385-2 Barrel, Mating Part X X
537034 Barrei Boit X X
537035 Barrel Bolt X X
537036 Internally Relieved X X

Extension Stud

Key

ID - Insufficient IVD aluminum coverage on the inside diameter of the part
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TABLE 40. REVIEW OF PARTS FORTHE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE WARNER ROBINS ALC (CONCLUDED).

IVD Substitution for Cadmium
Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
C130(Continued)
MS20392-5C123 Pin X X
MS20392-7C111 Pin X X
14711-203-1 Rocker Arm X X
14711-203-2 Rocker Arm X X
14711-208 Stop X X
14711-209 Plunger X X
14711-212 Spacer X X
14711-213 Insert X X
14711-217 Calibration Disc X X
14711-218 — X X
14711-219 Pin X X
14527-219 — X X
14527-224 Pin X X
546419 Thrust Ring X X
537297 Dome Cap X X
546413 Dome Retaining Nut X X
MS21250-08024 Bolt X X
42F-W820 Nut X X
80-388 Washer X X
370484-1 Shelf Bracket X X
Miscellaneous Parts
7032192-10 Flap Outer Wing X X
7032192-20 Flap Outer Wing X X
370516-2R Flap Wing Landing X X
370516-2L Flap Wing Landing X X
370516-7 Flap Wing Landing X X
370516-8 Fiap Wing Landing X X
370516-13 Flap Wing Landing X X
370516-14 Flap Wing Landing X X
370516-20 Flap Assembly X X
370516-21 Skin Aircraft X X
370516-22 Skin Aircraft X X
377048-17 Flap Assembly X X
377048-18 Flap Assembly X X
— Bolts and Nuts X X
Key

1D - insufticient IVD aluminum coverage on the inside diameter of the part
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TABLE 41. REVIEW OF PARTS FOR THE SUBSTITUTION OF I[VD ALUMINUM

FOR CADMIUM AT THE OGDEN ALC.

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
C5/C5A

4G1436-107A Nose Outer Cylinder X ID
4G13538-101 Drag Shaft X iD
4G11415-107A Main Quter Cylinder X X X
4G12432-101A Spline Tube X X

4G13614-101A Round Nut X X

4G11476-107A Positioning Collar X X X
4G11476-101A Positioning Collar X X X
4G51427-101A Nose Piston Axle X D
4G13412-101A MLG Cotlar Lock Ring X X X
4G53709-101A Retract Arm Attach Bolt X ID
4G13539-101A Main Lower Drag Shaft X ID
4G13586-101A MLG Ballscrew Sprocket X X X
4G12032-107B Main Pitch Collar Assy. X X X
4G12030-101A Main Fwd. Axle X ID
4G12400-101A Main Trunnion Pin X X X
4G12031-101A Main Brake Coliar X X X

43-761 Miscellaneous Bolts X X

B15578-2R Main Baltnut X X X
4G11439-107E Main Roll Pin X X X
4G19067-101A MLG Comp. Attach X X X
4G12001-101C MLG Lower Link X X X
4G51436-1078B Outer Cylinder X ID

C130

— MLG Inner Cylinder X X X

G41810-60 Wheel Tie Bolt X T-T
373587-1 MLG Inner Cylinder X X X

371675-1 Nose Cylinder Assy. X X X

388016 MLG Cylinder Assy. X X X

388072-1 NLG Fulcrum Assy. X X X

3303590-1 Nose Cylinder X X

355865-1 MLG Bracket Assy. X X

373587-1 MLG Inner Cylinder X X X

370440-1 MVLGInnL Cylinae X X X

380236-1 NLG Brace Assy. X X

337267-3 MLG Nut, Gland X X X

331258 Nut Orifice Ret. X X X

337268 MLG Bulkhead X X X

370439-3 MLG Cylinder Assy. X X X

9522014 Miscellaneous Nut X X

Key

ID - Insuthcient IVD aluminum coverage on the nside diameter of the pan

T-T- Teorgue-Tension
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TABLE 41. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE OGDEN ALC (CONTINUED).

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
F-4
762-7675-80 Inner Cylinder Assy. X X X
53G41420-3 MLG Outer Cylinder X X X
32-41672-6 Main Torque Pin X X X
32-41081-7 MLG Ring Tiedown X X X
32-41669-7 MLG Torque Arm Lower X X
32-41632-5 Main Drag Brace X X X
7027675-30 MLG Inner Cylinder Assy. X X X
53-41420-301 MLG Outer Cylinder X X X
32-41675-5 Main Torque Pins X X X
7027675-70 MLG Inner Cylinder Assy. X X X
53G41420-4 MLG Outer Cylinder X X X
32-41672-3 Main Torque Pins (Lower) X X X
32-41672-4 Main Torque Pins (Lower) X X X
32-41672-5 Main Torque Pins (Lower) X X X
32-41672-6 Main Torque Pins (Lower) X X X
32-45703-1 Nose Outer Cylinder Assy. X X X
32-41669-13 MLG Torque Arm Lower X X
53-41441-3 MLG Axle Nut X X X
F-16
2006803-105 NLG Upper Drag Brace X X
2006101-103 MLG Piston Assy. X X X
A7D
986118-1 Main Outer Cylinder X X X
F-5
14-40646-3 Main Torqgue Arm X X X
F-15
— Main Quter Cylinder X X X
68A410615-2001 Main Collar Nut X X X
68A450726-2001 NLG Crifice Tube X X X
68A410792-1001 Main Lower Drag Brace X X X
68A410790-2001 MLG High Pressure Piston X X
MS14163-09024 Bolts X X
68A410756-1001 Main Jury Link Pin X ID
68A410735-2001 Main Trunnion Pin X iD
68A410755-2005 Main Jury Brace Appx. Pin X ID
68A450614-2001 NLG Misceltaneous X 1D

Key

10 - Insuthcient IVD alummnum coverage on the inside diameter of the part

T-T - Torque-Tension
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TABLE 41. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE OGDEN ALC (CONTINUED).

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
F-111
121095-7 MLG Aft Hinge Pin X X
993102-1 Main Inner Position X X X
1130121-101 Main Inner Cylinder X X X
B52
5-85123-6 Main Inner Cylinder X ID
4-80536 Drag Brace Pin, Toggle Fork X 1D
25-4211 Main Lower Tripod Assy. X X
1-80614 Drag Strut— Upper Link X X X
1-80615 Drag Strut— Upper Link X X X
5-68457-5 Steering Plate X X X
3-80616 Drag Strut X X X
1-80721-1 Main Torque Arm X X X
5-36035-3 Main Qutboard Tripod Link X X 1D
6-35161-1 MLG Bolt X 1D
6-35161-4 MLG Bolt X iD
4-80728 MLG Nut, Special X X X
6-34595-i MLG Bolt X 1D
63-214 Miscellaneous Parts X X
4-80720 MLG Pin Special X X
9-52976 Main Cap Trunnion X X X
9-52977 Main Cap Trunnion X X X
A10
19064-1 Main Pin Socket Sub Assy. X 19
F-100
NAS14882 Tie Bolt—-Large Allen Head X X
63832436 Nut X X
cC141
9525611 Washer X X
3G10018-113 Main Piston Assy X iD
3G11098-105 Main Axle X 1D
3G61097-107 Nose Aft Drag Brace X X
3G61344 Mooring Ring X X X
3G61303-101 Nut X X X
3G61342-101 Bolt (M.R.) X X X
3G61345 Spring (M.R.) X X X
3G11098-105 Main Axle X D
3G111125-103 Main Knee Bolt X 1D

Key:

iD - Insufficient VD aluminum coverage on the inside diameter of the part

T-T - Torque-Tension
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TABLE 41. REVIEW OF PARTS FORTHE SUBSTITUTION OF IVD ALUMINUM

FOR CADMIUM AT THE OGDEN ALC (CONTINUED).

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Area ot
Reviewed Free Approved | Concern
C141 (Continued)

3G10008-105 Main Lower Torque Arm X X

3G10017-133 Main Quter Cylinder X X X
3G11117-103 Main Drag Latch X X X
3F31004-123 Upper Drag Brace X X X
3G61089-111 Nose Inner Cylinder X iD
3G11077-103 Main Brake Link Torque Pin X ID
3G11112-107 Main Pivot Pin X iD
3G61032-107 Nose Axle X iD
3G61126-103 Nose Downlock Crank X X X
3G61090-119 Nose Outer Cylinder X X X
MS2125D-08024 Miscellaneous Bolts X X

9525609 Miscellaneous Washers X X

3G61014-101 Nose Trunnion Pin X 1D
3G11825-101 Main Retract Fitting X X X
3G11081-101 MLG Nut (Bearing Retainer) X X

3G11101-101 Bogie Beam Jacking Adapter X X X
3G11106-101 Bogie Beam Bolt Assy. X X X
3G11170-101 Bogie Beam Bolt X X X
3GF11165-101 Bogie Beam Lock Tab X X X
3G11102-101 Bogie Beam Bearing Plate X X X

CYW1018 Miscellaneous Nut X X

3F31001-113 Main Lower Drag Brace X X

3F31001-114 Main Lower Drag Brace X X

7127998-001 Nose Gland Nut X X

3G10013-111 Main Forward X X

3G11826-101 Spacer X X X

C'KC135

50-9717-25 Oleo Trunnion X 1D
7531263-10 Nose Piston X 1D
5-840011-27 Main Side Strut Upper X X X

7531263-10 Nose Piston X D
69-1172-1 Brace Collar X X

93-8670 Main Trunnion X X X

89-1172-1 MLG Brake Collar X X

65-1336-3 Nose Upper Link X X X
65-1382-15-2 Nose Plate Gear Drag Plate X X X
65-1382-15-6 Nose Plate Gear Drag Plate X X X

65-4827 Nose Lower Link X X X

Key

1D - Insutfhictent IVD alumium coverage on the inside diameter of the part
T-T - Torque-Tension
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TABLE 41. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE OGDEN ALC (CONCLUDED).

IVD Substitution for Cadmium
Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern

C/KC 135 (Continued)
7729421-01 Nose Trunnion Pin X ID
5-840011-28 Main Side Strut X X X
90-8670 Main Trunnion Collar X X X
50-9717-3 Main Oleo Trunnion X ID
50-9717-4 Main Oleo Trunnion X ID
1583-85 MLG Beam Assy. X iD
50-9733-1 Main Drag Strut X X X
30-3115-3 MLG Gland Nut Lock X X X
9-55622-3 Nose Arm Assy. X X X
6-68013-2000 Drag Brace Arm X X X
MS20002-C8 Washer X X
146936 Bleeder Adapter X X

T38
3-41605-1 Nose Piston X iD
9756C49 NLG Pad, Lock X X X

LAV88 A/A
3088476-1-1 Miscellaneous Parts X X
3088476-1-2 Miscellaneous Parts X X

Key:

ID - Insuthicient IVD aluminum coverage on the inside diameter of the pan

T-T - Torque-Tersion
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TABLE 42. REVIEWOF PARTS FORTHE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE SACRAMENTO ALC.

IVD Substitution for Cadmium
Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
C135
5-86077 Terminal X X
5-86079 Cap X X
581C5 Barrel X iD
5-86397-2 RodEnd X X
5-86077 Terminal X X
9-10386 Nut X X
NAS1305-9H Miscellaneous Hardware X X
9-60396 Nut X X
69-5156 Rod End X X
66-13798-1 Ext. Sleeve X X
65-6516-2 Head End X X
65-12228-1 Bearing X X
F-111
— Miscellaneous Fasteners X X
12W415-1 Wing Pivot Pin X 1D
1279201 Hub Assy
Hub X 1D
O BBearing X X
Intercoastal -9 X X
intercoastal-7 X X
PP-6583.T
3735111 Power Supply Cabinet X X
E-3A
506826 Cylinder X X
B52
5-36060-2 Piston Rod X X
5-35988-1 Barrel X ID
65-043115 Side Plate X X
65-043116 Side Plate X X
C5
177269 Carrier Output X X
177910 1FR Large X X
177219 Carrier Output X X
177515 Retainer Ring X X
177386 Bevel Adaptor X X
177246 Center Spur Gear
1 2 Details X X
1 2 Detaills X D
107316 Adapter Spline X ID
Key
10 - nsutticent IVD stuminum coverage on the inside diameter of the part
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TABLE 42. REVIEW OF PARTS FOR THE SUBSTITUTION OF iVD ALUMINUM

FOR CADMIUM AT THE SACRAMENTO ALC (CONCLUDED).

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Areaof
Reviewed Free Approved | Concern

F-15

3831339-5 Piston X ID

3151-014 Nut X X
F-16

2006020-1 Piston X 1D
F-4

2219109 Gland Nut X X
C130

19106 Forks X X

457016-1 Ball Screws X iD
c1a41

186254 Piston X 1D

188529 Piston X ID
Miscellaneous Parts

MPN 14 Barrel Pin X X

MPN 14 Steet Plates X X

TRN-19 Bracket (4 Details) X X

636 Nuts X X

A700-4600002-4700 Reguilator Box (Several Pieces) X X

77C10003 E-XMTRBTM Plate X X

77010806-1 E-RXBTMPL-Assy. X X

3831000-16 GTL-PTS X X

58580-1 Blades X X

301357 Solonoid Bracket X X

202641 Standoff Bracket X X

C387 Fastener X X

MAG25662 Liner X X

6-62681 Nut X X

1P1064 CRT Shield LM X ID

9-45511-2 Sleeve X X

MS21250-09022 Fuselage C.W._Attach Bolts X X

MPS-9 | Chassis X X

Key

ID - Insuthicient IVD aluminum coverage on the inside diameter of the part




TABLE 43. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR CADMIUM
AT THE OKLAHOMA CITY ALC.
IVD Substitution for Cadmium
Engine Part Part
Number Number Name Part Problem | IVDUse Areaot
Reviewed Free Approved | Concern
TF30
30386R | 697634 Shaft—Front Compressor Drive Turbine X 1D
30334R | 563559 Shaft —-Front Compressor Drive Turbine X 1D
30334R | 617855 Shaft— Front Compressor Drive Turbine X iD
30469R | 615770 Compressor Stator, 10th Stage X X
30469R | 564270 Compressor Stator, 10 - 14th Stage X X
30469R | 581980 Compressor Stator, 10— 14th Stage X X
30469R | 615771 Compressor Stator, 10 - 14th Stage X X
30469R | 558481 Compressor Stator, 10— 14th Stage X X
30469R | 615772 Compressor Stator, 10— 14th Stage X X
30469R | 558482 Compressor Stator, 10— 14th Stage X X
30469R | 581982 Compressor Stator, 10— 14th Stage X X
30469R | 623873 Compressor Stator, 10— 14th Stage X X
30469R | 577373 Compressor Stator, 10— 14th Stage X X
304689R | 577374 Compressor Stator, 10— 14th Stage X X
30469R | 623874 Compressor Stator, 10— 14th Stage X X
30469R | 581980 Compressor Stator. 10— 14th Stage X X
30489R | 672994 Compressor Stator. 4th Stage X X
30489R | 735874 Compressor Stator. 4th Stage X X
304839R | 768784 Compressor Stator, 4th Stage X X
30470R | 672995 Compressor Stator, 5~ 8th Stage X X
3047CR | 710296 Compressor Stator, 5 - 8th Stage X X
30470R | 672997 Compressor Stator, 5 - 8th Stage X X
30470R | 710298 Compressor Stator, 5 - 8th Stage X X
30470R | 735875 Compressor Stator, 5 - 8th Stage X X
304708 | 735876 Compressor Stator, 5—8th Stage X X
30470R | 735877 Compressor Stator, 5 - 8th Stage X X
30470R | 735878 Compressor Stator. 5 - 8th Stage X X
30470R | 735785 Compressor Stator. 5 - 8th Stage X X
30470R | 735785 Compressor Stator. 5 — 8th Stage X X
30470R | 735787 Compressor Stator. 5 - 8th Stage X X
30470R | 735788 Compressor Stator, 5 — 8th Stage X X
30467R | 668335 Compresscr Stator. 5 — 7th Stage X X
30467R | 675776 Compressor Stator. 5 - 7t+ Stage X X
30467R | 668396 Compressor Stator, 5 — 7th Stage X X
304867R | 675777 Compressor Stator. 5 — 7th Stage X X
30467R | 668397 Compressor Stator. 5 7th Stage X X
30467YR | 2173319 Compressor Stator. 5 - 7th Stage X X
30467R | NBN 049219 Compressor Stator, 5 - 7th Stage X X
Kay
1T - Irsuticient (VD aluminum coverage un the inside ciameter cf the pan
] o
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TABLE 43. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR CADMIUM
AT THE OKLAHOMA CITY ALC (CONTINUED).
IVD Substitution for Cadmium
Engine Part Part
Number Number Name Part Problem | IVD Use—‘ Area of
Reviewed Free Approved | Concern
TF30 (Continued)
30467R | 2173318 Compressor Stator, 5 — 7th Stage X X
30467R | NBN 049229 Compressor Stator, 5—7th Stage X X
30467R | 2173353 Compressor Stator, 5 — 7th Stage X X
30467R | NBN 049378 Compressor Stator, 5—7th Stage X X
30467R | 2173354 Compressor Stator, 5 - 7th Stage X X
30467R | NBN 049379 Compres ;or Stator, 5~ 7th Stage X X
30467R | 538085 Compressor Stator, 5~ 7th Stage X X
30467R | 618286 Compressor Stator, 5~ 7th Stage X X
30467R | 616997 Compressor Stator, 5—7th Stage X X
30468R | 668668 Compressor Stator, 3th Stage X X
30468R | 2173320 Compressor Stator, 8th Stage X X
30468R | NBN 049230 Compressor Stator. 8th Stage X X
30468R | 557678 Compressor Stator. 8th Stage X X
30450R | 577338 Ring, Air Sealing, Compressor X X
30450R | 577339 Ring, Air Sealing, Compressor X X
30450R | 577340 Ring, Air Sealing, Compressor X X
30450R | 577341 Ring. Air Sealing, Compressor X X
30450R | 577342 Ring. Air Sealing. Compressor X X
30450R | 577343 Ring. Air Sealing. Compressor X X
30450R | 623760 Ring, Air Sealing, Compressor X X
30450R | 623761 Ring. Air Sealing, Compressor X X
30450R | 623762 Ring. Air Sealing. Compressor X X
30450R | 572613 Ring. Air Sealing, Compressor X X
30450R | 572514 Ring. Air Sealing. Compressor X X
30584 559380 Tierod Bolts, Front Compressor X X X
30584 615992 Terod Bolts. Front Compressor X X X
30568R | 687032 Tierod Bolts, Rear and Front Compressor X X X
30737G | 502178 Housing - Bearing Inter Gearbox X X X
30732G | 618865 Housing Assembly Gearbox Beannrg X X X
30732G | 502366 Housing Assembly Gearbox Bearing X X X
30732G | 502098 Housing Assembly Gearbox Beai..g X X X
30732G | 502184 Housing Assembly Gearbox Bearing X X X
30320R | 559824 Coupling. Gearbox Drive Gear X X X
30318R | 565034 Tube-Sealing Rear Compressor X X X
30594R | 500788 Bracket. Ignition Exciter. Upper X X X
307556 | 665882 Housing Assembly Gearoox Bi:aring X X
303s4R | B17835 ShaftN-1 Turbine X 1D
30334R | 563559 ShaftN-1 Turbine X iD
30670R | 510720 | Bracket X X
Key
10 - Insythcent WD 3umirum “Overage or the wgice dameler of the pan
Pa
|
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TABLE 43. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR CADMIUM
AT THE OKLAHOMA CITY ALC (CONTINUED).

IVD Substitution for Cadmium

Engine Part Part
Number Number 2me Part Problem | 1VNyUse Area of
Reviewed Free Approved | Concern
TF30(Continued)

307156 | 739635 Housing Gearbox Drive Bearing X X X

30531R | 559378 Tierod Bolts, Front Compressor X X X

30702G | 702805 Nut Gearbox Quick Disconnect X X X

30702G | 513799 Nut Gearbox Quick Disconnect X X X

30702G | 504245 Sub Nut Gearbox Quick Disconnect X X X

30702G | 697220 Sub Nut Gearbox Quick Disconnect X X X

30702G | 504241 Nut Gearbox Quick Disconnect X X X

30702G | 513798 Nut Gearbox Quick Disconnect X X X

30642G | 697218 Adapter — Gearbox Quick Disconnect X X X

30642G | 504255 Adapter ~ Gearbox Quick Disconnect X X X

30642G | 697219 Adapter ~ Gearbox Quick Disconnect X X X

TF33

33342R | 703556 Tierod. Front Compressor X X X

33342R | 714147 Tierod, Front Compressor X X X

33342R | 383540 Tierod, Front Compressor X X X

33342R | 399032 T.erod, Front Compressor X X X

33342R | 428335 Tierod, Front Compressor X X X

33342R | 463547 Tierod. Front Compressor X X X

33342R | 463553 Tierod, Front Compressor X X X

33342R | 463554 Tierod, Front Compressor X X X

33342R | 714149 Tierod. Front Compressor X X X

33342R | 494339 Tierod. Front Compressor X X X

33342R | 431122 Tierod. Front Compressor X X X

33342R | 463557 Tierod, Front Compressor X X X

33342R | 714145 Tierod. Front Compressor X X X

33342R | 714162 Tierod, Front Compressor X X X

33342R | 629236 Tierod. Front Compressor X X X

33342R | 703558 Tierod. Front Compressor X X X

33342R | 635508 Tierod, Front Compressor X X X

33346R | 247346 Coupling, Front Compressor X ID
Drive Turbine

33346R | 432595 Coupling, Front Compressor X 1D
Drive Turbine

33346R | 576584 Couphng. Front Compressor X ID
Drive Turbine

33218R | 483277 Hsusing No. 1 Bearing X X

33218R | 679747 Hous ngNo. 1 Bearing X X

33213R | 769553 Housing No. 1 Bearing X X

33354R | 157532 Ring-Retaining L S Compressor Coupling X X X

Key

{0 - Insuthcient WO aluminum coverage on the :nside dameter of the part




TABLE 43. REVIEW OF PARTS FOR THE SUBSTITUTION OF {VD ALUMINUM FOR CADMIUM
AT THE OKLAHOMA CITY ALC (CONTINUED).

IVD Substitution tor Cadmium

Engine Part Part
Number Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
TF33 (Continued)

33352R | 286079 Lock, Front Compressor Drive Turbine X X X

33352R | 201615 Lock, Front Compressor Drive Turbine X X X

33352R { 714163 Lock, Front Compressor Drive Turbine X X X

33897 403326 Accessory Drive Pad X X

— 799599 Retainer X X

33348R | 359439 Seat, Turbine, Shaft Coupling X X

33348R | 364827 Seat, Turbine, Shaft Coupling X X

33348R | 714165 Seat, Turbine, Shaft Coupling X X

33348R | 208178 Spring, Front Compressor Turbine Shaft X X X

33897 403326 Nut Assembly, Accessory Drive Pad X X

33670 464162 Sort ltems (Bracket, Plate, Etc.) X X

- 515970 Support X 1D

TF57

57322R | 740005 Spacer, High Speed Compressor X X

§57322R | 206931 Spacer, High Speed Compressor X X

57322R | 740013 Spacer, High Speed Compressor X X

57322R | 310978 Spacer, High Speed Compressor X X

57322R | 740012 Spacer, High Speed Compressor X X

57322R | 216915 Spacer, High Speed Compressor X X

57322R | 740011 Spacer, High Speed Compressor X X

57322R | 216913 Spacer, High Speed Compressor X X

57322R | 740006 Spacer. High Speed Compressor X X

57322R | 206935 Spacer. High Speed Compressor X X

57322R | 740007 Spacer, High Speed Compressor X X

57322R | 206935 Spacer, High Speed Compressor X X

57322R | 740008 Spacer, High Speed Compressor X X

57322R | 206936 Spacer, High Speed Compressor X X

57306R | 183154 Tierod, Front and Rear Compressor X X X

57306R | 201613 Tierog, Front and Rear Compressor X X X

57306R | 369479 Tierod, Front and Rear Compressor X X X

57373R | 201615 Coupling, Front Compressor Drive X 1D
Turbine Shaft

57373R | 714163 Coupling, Front Compressor Drive X 1D
Turbine Shaft

57373R | 286079 Coupling. Front Compressor Drive X iD
Turbine Shaft

57370R | 201616 Collar, Front Compressor Drive ) urbine X X
Shaft Coupling

57370R | 331450 Collar. Front Compressor Drive Turbine X X
Shaft Coupling

Key

ID - insuthcient IVD alurminum coverage on the inside diameler o the part

15U




TABLE 43. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR CADMIUM
AT THE OKLAHOMA CITY ALC (CONCLUDED).

IVD Substitution for Cadmium

Engine Part Part
Number Number Name Part Problem | IVDUse Areaof
Reviewed Free Approved | Concern
TF57 (Continued)
57373M | 714163 Lock, Front Compressor Drive Turbine X X
Shaft Coupling
57373M | 201612 Lock, Front Compressor Drive Turbine X X
Shaft Coupling
57743R | 334974 Screen Assembly, Water Injector X X
Control Inlet
57670Y | 334974 Screen Assembly, Water Injector X X
Control Inlet
57743R | 321530 Screen Assembly, Water Injector X X
Control Inlet
57723Y | 403326 Nut Assembly, Accessory Drive Pad X X
57723M | 403326 Nut Assembly, Accessory Drive Pad X X
57723M | 308892 Nut Assembly, Accessory Drive Pad X X
57369Y | 157632 Ring-Retaining L'S Comprassor Coupling X X X
57372Y | 208178 Spring, Front Compressor “urbine Shaft X X X
57327R | 208178 Spring, Front Compressor Turbine Shaft X X X
575078 | 7396358 AB Cylinder X X
Miscelianeous Parts
— — Seat, Turbine Shaft, Coupling Lock Spring X X
— — P&W Ring, 6th Stage X X
41763R | 6865326 Link Bell Crank. Rod Assembly X X
41900R | 6861241 Rear Mounting — Regular Airflow Control X X
AQ0094 | 204104 Carrier X X
Key

1D ~ Insufficient IVD aluminum coverage on the inside diameter of the part
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TABLE 44. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR
CADMIUM AT THE SAN ANTONIO ALC.

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
T56

6829896 Pin Reduction Gear Eye Bolt X X

6841212 Compressor Wheel, Stage 2 X X X
6841213 Compressor Wheel, Stage 3 X X X
6841214 Compressor Wheel, Stage 4 X X X
6841215 Compressor Wheel, Stage 5 X X X
68470391 Vane Compressor, 1st Stage X X

6875201 Vane Compressor, 1st Stage X X

6876251 Vane Compressor, 1st Stage X X

6847093 Vane Compressor, 3rd Stage X X

6875203 Vane Compressor, 3rd Stage X X

6875206 Vane Compressor, 6th Stage X X

6809436 Vane Compressor, 6th Stage X X

6875210 Vane Compressor, 10th Stage X X

6875211 Vane Compressor, 11th Stage X X

6809441 Vane Compressor, 11th Stage X X

6846291 Vane Compressor, 11th Stage X X

6855041 Vane Compressor, 11th Stage X X

5055811 Vanc Compressor, 11th Stage X X

6871381 Vane Compressor, 11th Stage X X

6809432 Vane Compressor, 2nd Stage X X

6846872 Vane Compressor, 2nd Stage X X

6855032 Vane Compressor, 2nd Stage X X

6859602 Vane Compressor, 2nd Stage X X

6846672 Vane Compressor, 2nd Stage X X

6846282 Vane Compressor. 2nd Stage X X

6871372 Vane Compressor, 2nd Stage X X

6847091 Vane Compressor. 1st Stage X X

6875201 Vane Compressor, 1st Stage X X

6876251 Vane Compressor, 1st Stage X X

6859604 VaneCo ressor, 4th Stage X X

6809434 Vane Compressor, 4th Stage X X

6846871 Vane Compressor, 4th Stage X X

6855034 Vane Compressor, 4th Stage X X

6846674 Vane Compressor, 4th Stage X X

6846284 Vane Compressor, 4th Stage X X

6871374 Vane Compressor, 4th Stage X X

6809435 Vane Compressor. 5th Stage X X

6846875 Vane Compressor, 5th Stage X X

Key

ID -~ Insuthcient IVD aluminum coverage on the inside diameter of the pant
T-T - Torque-Tension

The




TABLE 44. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR
CADMIUM AT THE SAN ANTONIO ALC (CONTINUED).

IVD Substitution for Cadmium

Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
T56 (Continued)
6875204 Vane Compressor, 4th Stage X X
6847094 Vane Compressor, 4th Stage X X
6847095 Vane Compressor, 5th Stage X X
6875205 Vane Compressor, 5th Stage X X
6847077 Vane Compressor, 7th Stage X X
6875207 Vane Compressor, 7th Stage X X
6875208 Vane Compressor, 8th Stage X X
6875209 Vane Compressor, 9th Stage X X
6875212 Vane Compressor, 12th Stage X X
6875213 Vane Compressor, 13th Stage X X
6814423 Rear Lever Propellier Control X X
6812539 Shaft Propeller Control Lever, Intermediate X X
6819691 Shaft Propeller Control Lever, Intermediate X X
6819697 Shaft Propeller Control Lever, Intermediate X X
6819694 Bolt Propeller Control Pivot X T-T
6819698 Clevis X X
6821487 Arm Propeller Control, Intermediate X X
6824774 Bolt Reduction Gear X X
6826933 Arm Propeller Control, Front X X
6826934 BellCrank PC1 X X
6826935 Arm Propeller Control, Rear X X X
6827298 Link Prope.der Control, Rear X ID
6780854 Rod, Threaded Level FUF1 X X
6781501 Rod, Threaded Level FUF1 X X
6783838 Fitting Reduction Gear Power X X
6854756 Compressor Wheel, Stage 6 X X X
6855286 Compressor Wheel, Stage 6 X X X
6858624 Compressor Wheel, Stage 14 X X X
6824074 Compressor Wheel, Stage 14 X X X
6875958 Propefler Shaft X D
6789474 Vane Compressor, 14th Stage X X
6731014 Vane Compressor, 14th Stage X X
6791891 Engine Mount Bracket Assembly X X X
6792254 Seal. Labyrinth Rotating Compressor X X X
6792767 Compressor Wheel, Stage 14 X X X
6792768 Compressor Wheel, Stage 8 X X X
6792770 Compressor Wheel, Stage 9 X X X
6792771 Compressor Wheel, Stage 11 X X X
Key

1D - Insuthcient IVD atuminum coverage on the inside diameter of the part
T-T - Terque-Tension
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TABLE 44. REVIEW OF PARTS FORTHE SUBSTITUTION OF IVD ALUMINUM FOR
CADMIUM AT THE SAN ANTONIO ALC (CONTINUED).

IVD Substitution for Cadmium
Part Part
Number Name Part Problem | IVDUse Area of
Reviewed Free Approved | Concern
T56 (Continued)
6855035 Vane Compressor, 5th Stage X X
6859605 Vare Compressor, 5th Stage X X’
6846675 Vane Compressor, 5th Stage X X
6846285 Vane Compressor, 5th Stage X X
6871375 Vane Compressor, 5th Stage X X
6809437 Vane Compressor, 7th Stage X X
6855037 Vane Compressor, 7th Stage X X
6859607 Vane Comgessor, 7th Stage X X
6846287 Vane Compressor, 7th Stage X X
6871377 Vane Compressor, 7th Stage X X
6809438 Vane Compressor, 8th Stage X X
6855038 Vane Compressor, 8th Stage X X
6859608 Vane Compressor, 8th Stage X X
6846288 Vane Compressor. 8th Stage X X
6871378 Vane Compressor, 8th Stage X X
6809439 Vane Compressor, 9th Stage X X
6855039 Vane Compressor, 9th Stage X X
6859609 Vane Compressor, 9th Stage X X
6871379 Vane Compressor, 9th Stage X X
6809440 Vane Compressor, 10th Stage X X
6855040 Vane Compressor, 10th Stage X X
6859610 Vane Compressor, 10th Stage X X
6846290 Vane Compressor, 10th Stage X X
6871380 Vane Compressor, 10th Stage X X
6809442 Vane Compressor, 12th Stage X X
6855042 Vane Compressor, 12th Stage X X
6859612 Vane Compressor. 12th Stage X X
6846292 Vane Compressor, 12th Stage X X
6871382 Vane Compressor, 12th Stage X X
6809443 Vane Compressor, 13th Stage X X
6855043 Vane Compressor, 13th Stage X X
6859613 Vane Compressor, 13th Stage X X
6846293 Vane Compressor, 13th Stage X X
6871383 Vane Compressor, 13th Stage X X
6846871 Vane Compressor. 1st Stage X X
6855031 Vane Compressor, 1st Stage X X
6859601 Vane Compressor. 1st Stage X X
6875202 Vane Compressor. 2nd Stage X X
Key

10 - Insuthcient IVD aluminum coverage on the inside diameter of the parnt
T-T - Torque- Tension
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TABLE 44. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUMFOR
CADMIUM AT THE SAN ANTONIO ALC (CONCLUDED).

IVD Substitution foi Cadmium

Part Part
Number Name Part Problem | 1VDUse Area of
Reviewed Free Approved | Concern

T56 (Centinued)

6792772 Compressor Wheel, Stage 12 X X X

6794722 Seal, Labyrinth Compressor, Rear X X X
F100

4001860 Nut Bearing Retaining X X

4010237 Nut Bearing Retaining X X

4022555 Coupling Remote X iD

Key:

ID - Insufticient IVD aluminum coverage on the inside diameter of the pan
T-T- Torque- Tension

159




the total number of parts reviewed. The percentage oOT parts exhibiting "areas
of concern" is somewhat less than what was initially suspectec, nominally <O
percent. The total number of parts identified with possible torgue-tension or
erosion problems may be low. but, the percentage of parts witn "areas of
concern" is not expected to exceed 15-18 percent.

Although all of the parts processed by the ALULS are not available for
review at any given time, the majority of tne part configurations were
reviewea at each ALC. From this review, tne majority of caamium processea
parts could now be IVD aluminum coated. Even thought the percentage of parts
with "areas of concern" is relatively low, aaequate solutions for the prooiem
parts must be establish before IVU aluminum can replace caumium processing
across-tne-boara at tne ALLS. Research ana development directed at resclving
these "areas of concern" is aiscussed in Section XII. A nigh probability of

success 1s projgected.

C. DEMOUNSTKATIUN UF Tt GENERIC NATURE OF IVU ALUMLINUM

MCAIR aemonstrated tne generic properties of 1Vu aluminui (Reference 42
as discussea in Sections Il tarough VII by testing IvD aluminun-coateu panel.
Thirty-six 1- by 4-inch and l¢, 3- by b-incn panels were IVu aluminum coatea
per tne test matrix in Table 45. Three substrate materials were used wiin

tnree coating tnickness classes for eacn substrate material.

1he aahesion of the 1VD aluminum coating was verifiec on tne oso, 1- o
4-inch  bend-to-break panels. Parayrapn 4.5.2 of wlL-L-834ts  defines
aanesion. "Acnesion shall pe determines Dy scraping the surtace of the plated

article to expose the Dasis metal and examining &t & minimuim 6f four diameters
magnitication for eviaence of nonaunesion. Alternately, tne test strip snall
ve clamped in a vise and pbent back ang fortn until strip rupture occurs. T
tne euge of tne ruptureu coaiting can De peeled Lack Or 7 Separciion Delacet
tne coating anu the basis metal can be seen a4t tne point Cf ruplure  wheln
cxaiiineg at four aiameters magnification, adnesion is not satistactiury.” il
so LVD aluminum-coated panels passec the benou-to-bresk test.  In acuiticn, ot
b parels were tape-tested and glass-Deag-peencd TOr aunesion veritication,

ang s1x panels had tne adnesive strength or tnc ccating meaSured.
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TABLE 45. TESTMATRIXFOR DEMONSTRATION OF THE
GENERIC NATURE OF IVD ALUMINUM.

Number of Coupons Required to Be Coated

Alloy Steel Aluminum Alloy | Titanium Alloy
Test SpecimenSize | SpecimenSize | Specimen Size
3x6 1x4 3x6 1x4 Ix6 1x4
(in.) (in.) (in.) (in.) (in.) (in.)
1 Corrosion Resistance
Class 1 Coating 4 — —_ — — —
Class 2 Coating 4 — — — — —
Class 3 Coating 4 —_ — — — —
2 Adhesion
Class 1 Coating — 4 — 4 — 4
Class 2 Coating — 4 — 4 — 4
Class 3 Coating — 4 — 4 — 4
3 Uniformity — 4 — 4 — 4
4 Coverage . — 4 — 4 — 4
5 Conductivity — 4 — 4 — 4

Notes:

1. Corrosion resistance testing wiil be conducted per ASTM B-117 (5 percent neutral salt fog environment)

2 Coatng adhesion shall pass bend-to-brake testing and 40 psi glass bead peening.

3. Coating unitormity shall be measured on the 3- by 6-in. alloy steel panel prior to corrosion
resistance testing.

4. Coating coverage shalil be verified by 4 = visual inspection on ali of the 1- by 4-in. coupons prior {0
adhesion testing.

5. Electrical conductivity shall be measured on all the 1- by 4-in. coupons prior to adhesion ‘esting.

6. Dash (—) indicates no test specimen

The tape test was performed by firmly applying Number ¢50, 3M (Lompany,
inspection tape to tne fractured edge of the bend-to-break panels ana
removing with a quick pull. No coating was removea from the fractured edge

of tne panels.

Prior to the pena-to-break and tape tests, the panels were glass-beaa-
peened at 40 psi with Number 11U glass beads. Tne impinging glass beads
produce shear stresses in the coating sufficient to remove poorly adherent

coatings. N0 coatinyg was removea Dy glass bead peening.

A pull test was performea on six of the 1- by 4-incn steel panels, two
from each coating tnickness class. A Sepascian 1 (oating Aagherence lester
witn a 10 KPSI range was used for these tests. The adnesive tensile strenctn
of tne IVD aluminum coating was greater than g KPSI for all tnree classes of

caatings.




In conclusion, thne adhesion of the IVD aluminum coating on tnese panels
is representative of IVD aluminum-coated parts that are properly processed.
These adhesion tests demonstrate the generic nature of the coating adhesion
reported in Section II(A).

Coating coverage was verified for each of the 1- by 4-inch panels Ly a
visual inspection prior to adhesion testing. A Bausch & wLomb Stereo
microscope, Moael 31-270-01, was used to examine the coating for bare areas,

blisters, and voids in the coating. The IVD aluminum completely coverea tns
panels.

Tne coating uniformity was measured on the 1Z, 4130 alloy steel test
panels. Tne IVD aluminum-coating thicknesses are presentea in Table 46.

TABLE 46. VD ALUMINUM COATING THICKNESS
AND UNIFORMITY ON THE GENERIC

PANELS.
Specimen | Coating Coating Thickness (mils)* ®
Number | Class [|ngividuai Measurements | Average

1 1.35,1.39,1.54,1.59,1.49 1.47

2 1 1.49,1.49,1.39,1.39,1.49 1.45

3 1.59,1.65,1.49,1.39,1.39 1.50

4 1.49,1.44, 149,154 154 1.50

5 0.93,0.93,0.96,0.99.0.90 0.94

6 5 0.99.0.99,0.90,0.85,0.85 0.96

7 0.99,0.99,0.99.0.90,0.90 0.95

8 0.93,0.83.0.85,0.93,0.99 0.91

9 0.48.0.49.0.48.0.48,0.47 0.48

10 3 0.50.0.47.0.47.0.47.0.48 0.48

11 0.50,0.48,0.46,0.47.0.50 0.48

12 0.49.050.046 047 0.49 0.48

a Coating thickness measurements were obtained using the Magne-gage
instrument

b Measu-ements were taken 1.1n.1n from each corner and in the center of the 3-
by 6-in panels

In conclusion, the coverage, uniformity, anu thickne>s on lhese panels is
representative of [VD aluminum-coated parts that are properly processed. ine
coverage anug uniformity measurements demonstrate the generic nature of the
process reported in Section Il(o).




The electrical conductivity of the IVD aluminum coating was calculatea

from 4-point probe voltage, current, and probe characteristics. Four-point
probe measurements were made using a Keithley model 1sl nanovoltmeter, 1in
conjunction with an Alessi 4 point probe head ana fixture. A nonmetallic
panel was coated with a Class 1 IVD aluminum coating, and its electrical
conductivity was compared to a bulk specimen of 1100 aluminum alloy wnich nas
a 99 percent minimum aluminum content. The IVD aluminum coating has an
electrical conductivity of 47.6 percent that of bulk aluminum transverse tG
the surface. This 1is significant in tnat bulk aluminum is approximately

three times more conauctive than cadmium.

In conclusion, IVD aluminum coating on these panels 1is electrically
conductive and provides a low resistant path. The electrical conauctivity
measurements demonstrate the generic nature of tne coating reportes 1in
Section II(E).

IVD aluminum corrosion resistance was tested on the 1lg, 3- by 6-incn
alloy steel panels in neutral salt fog per ASTM B-117. All the specimens ftor
each coating class exceeded the minimum requirements of MIL-U-s340b. Tne
average time to failure (rea rust) for the (lass 3 panels was 1,4¢4 hours.
The average time to failure for tne (lass ¢ panels is more than 7,300 hours
(one panel is still in test). The average time to failure for tne tlass 1
coating is more than 7,800 hours (all four panels are still in test). Tne
MIL-C-83400 corrosion-resistance requirements, the average time to failure
for tne large database shown in Figure 12, Section IIl(A), ana the averace
time to failure for the generic, aluminum-coated parels are shown in Figure
ol. The average corrosion-resistance time of  the  generic, Ive
aluminum-coated panels exceed the average times shown ftor tne gatabase 1n
Figure 12.

In conclusion, IvL aluminum satisfied the minimun ccrrosion-resistance
requirement of MliL-L-55488 ana 1s representative of, to better than, tne

corrosion resistance expected for properly processed [vD aluminum-coated

parts reportea in Section 11I{A).




Hours
in
Neutral
Salt Fog
(1,000)

N Wl N O © O

8926

FZZIMiL-C-83488 8244 [\:\ ] .

— Database NN 7800
7300 2N
| ESN] Test Fasteners ™ \ X
[~ Test Panels \ ;:::j
I Generic \ 5y
__ [} Test Panels \ X
* Some panels still in test \ :‘:‘:
— NIRX
2947 NS
— 2585 [~ % ;2;\3
L \/\/ \/\A
1040 laz \ t:':' § L::/:J
829 . \ [\ AN
- e 504 \ *\, - 672 \ L’\/\A
336 \\ I,\:,] e \,:, 's R

Class 3 Class 2 Class 1

Neutral Salt Fog Resistance

Figure 61. Average Test Results for the Generic Panels Versus Minimum
Requirements of MIL-C-83488 and the Database Averages.

16U




SECTIUN XI

CONCLUSIONS

IVD aluminum full-scale coating equipment 1is production proven; it was
introauced for use in the manufacture of aircrart over l¢ years ago. The
coating has successfully undergone extensive laboratory and in-service testing
as a substitute for cadmium -- many of the test results are acocumented
herein. IVD aluminum is an excellent corrosion resistant finisn ana, n fact,
offers performance aavantages over caamium. Pernaps more important, aluminum

is nontoxic, ana the IVU process is environmentally clean.

Because the I aluminum operaticn is clean, simple, ang
non-labor-intensive, and pecause facility and space requirements are minimal
and require no special pollution-related systems, it 1is a cost-competitive
process. Caamium costs are increasing because of envircnmental ang nealtn
related laws anda regulations. At the same time, IVD aluminum costs are
gecreasing opecause of productivity advances associated witn 1fs 1ncreaseos

usage.

Tne contents of tihis report vorify tnat, for most applications, VD
aluwninun can b&  substitutea  for  caamium  without  concern. For those
appiications wnere tne supstitution is not straigntforwara or where oiner
tecnnical  issues must be considered, the reader is alertea anc specific

S i

[¥al

resedrcn  prograins  are recommended, A high  probapility of  cucce
=N Tne contents of tnis report, tnerefore, strongly Suppcris tne

elininaliun T Lhe various nazardous-wasle-progucing cadmium processes.




SECTION XII

RESEARCH ANU DEVELOPMENT RECUMMENUATIONS

A. COVERAGE OF INTERNAL SURFALES

1. Provlem

Whereas the lVD aluminum process is not confines to line-of-signt
application, it does have limitations regarding the ability to coat into deep
recesses; see Section II{(B). Generally speaking, tne process can oe usSeu
effectively to <coat 1into a bore or vrecess for a distance equal to
approximately one time the diameter of the opening. Therefore, for parts with
a length-to-giameter ratio greater than 1:1 (or «:1 if open at both ends), inc
IVD coating coverage on portions of tne internal surface may be inaagequate.
For example, the bore of a 5-incn diameter cylinder <u-inches long ana open zt
both enas would be coated effectively for approximately 5-incnes from potn
ends. Tne remaining 1U-inches of internal surtace in the midale of tne

cylinaer would have a thin coating or no coating at all.

tven tnough tecnniques may De available to evaporate aluminum witnin

0

€D recesses using an internal anode, for most applications tnis procegure

)
O

uls e pronibitively expensive.,  Therefore, IVD aluminum cannot be & cirect
cagnium substitute for some ALC parts, such as lanaging gear ceétaiis anc
turbine snaft-, because of idnternal surface coating reguirements. nowiever,
trere are coalings tnat are compatiole with IVD aluminum and are recoiiences

alternatives to caouwium for internal surfaces.

<. rroposed Solution

ir

Combines  IVD  alum™nuni  with anotner coating tu provice  corplstle

ceverage of internal surtaces. Langidate materials incluge:

g miumiinuii=Tilled Fio=-U=a01b517 basecoatls.
o, LErailc sealcoats,
<. Promers, LLpCoats, and seiiants.
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Aluminum-filled MIL-C-81517 Dbasecoats - These are paint-type
materials currently in use by the AL(Cs. The coatings can be brusn- or
spray-applied to internal surfaces. The aluminum-filled coating becomes
electrically conductive when either cured at a sufficiently high temperature
or burnished with glass beads. The electrically conductive coating tnen
provides adequate sacrifical, cgrrosion-resistance protection to alloy steel
substrates. AlseaMN Sermete{g? and Xyla are tracenames of available

aluminum filled coatings suitable for this application.

Ceramic sealcoats - The MIL-C-81517 aluminum~fillea coatings cre
often used as a sacrificial metallic basecoat in combination witn a ceramic
sealcoat to improve corrosion resistance. Dol agencies such as the Naval Sea
Systems Commana make extensive use of these metallic-ceramic compinaticn
coatings to protect alloy steel hardware for various marine applications. Tne
combination of IVD aluminum as the sacrificial aluminum basecoat ernhancea witn
a ceramic sealcoat should provide adequate corrosion resistance to internal
surfaces for tncse case where tnere is IVD aluminum coating coverage but

thickness is less than desired.

Primer, topcoats, and sealants - Combinations of various primers,
topcoats, and sealants have shown promise im preliminary t{esting and may
affcra acceptable corrosion-resistance protection to internal surfaces,
Standard materials in use by the ALLs like epoxy primers, polyuretnans
topcoats, ana sprayable sealants are canciaates.

The question may be askeu, "if a complementary coating 1S acgeguatls
Tor an internal surface, why not use that coating over the entire component
rather thnan in combination with IVD aluminum, thus eliminating two-stey
processings™  Tne answer is that wnat may be aaequate for internal surfaces my
no. oe  auequate tgr  external surfaces. For example, the sacriticial
aluminum=-t11led paint-type coatings provice excellent corrosion resistance ano
Shoulc e more tnan adequaie Lo protect internal surtaces. tHowever, internal
surtaces ar2 not normally subJgected to the more harsh corrosive environients
ner Lo the  same ngrsn demands  An coating adnesion  @s external  surfaces.

Treretore s tne LD alunanum process 1S orecomnenced on all oexternal surfacces

loo




and on as large a portion of the internal surfaces as possible. The reasons
are that in adaition to corrosion resistance, 1VD aluminum provides supericr

coating adhesion and superior uniformity ana coverage on part edges.

As an example, the external surfaces of lanaing gear details ana
turbine shafts are exposed to more harsh conditions tnan internal surfaces.
The abrasive effects of take-offs and lanaings reguire a coating that adheres
well and is resistant to cnipping. The IVD aluminum coating does nol chnip; it
is required that IVD ccating adhesion pass the stringent bena-to-break coupon
test. [n contrast, the aluminum-filled paint type coatings are nighiy
susceptible to tne cnipping type of nonaahesion. Typically, thnese coatings
will not meet the bend-to-break adhesion reguirement.

IVD aluminum also provides excellent coating uniformity and coverage
on details in the transition area between external and internal surfaces.
These areas often are threaded and/or contain snarp edges. IvU aluminum aoes
not build up on or run off of sharp edges or threag crests/roots regaraless of
tnickness. The paint and spray-type coatings will run off of edges anag build
up in recesses.

3. Recommenaea R&D Program

MCAIR proposes to duentify ana select canuicate materials wnere
required  for internal surfaces to complenent IVD aluminum. Processing
procedures for combining these materials witn IVU aluminum anc applying tnerm
to internal surfaces will be aeveloped. Testing for corrosion resistance #il)}
ve performed. MCAIR will issue a report verifying tnat tne cancigete

materials anc dgevelopec proceaures wili:
a. Meet MIL-L-63406 corrosion resistance reguirements.

D. Meet applicable aunesion requirenents.

c. Comply witn enviraormental standards.
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B. IMPROVED EROSION RESISTANCE

1. Problem

IVD aluminum 1is relatively soft, as is cadmium. Neither is well
suited for applications requiring a high degree of erosion resistance.
Nickel-cadmium is more erosion resistant than cadmium by itself and 1is
commonly used by the ALCs on engine details. IVD aluminum can easily be
applied thicker tnan is normal for nickel-caamium, and this aavantage may
result in comparaole erosion resistance or even improvea erosion/corrosion
resistance. Thicker 1VD aluminum coatings may not always be possible,
however, because of tolerance Tlimitations. Therefore, an improvement 1in

erosion resistance is needed wnen using thinner IVD aluminum coatings.

c. Proposea Solution

Preliminary erosion resistance testing of an IVD aluminum basecoat
enhanced by an erosion resistant topcoat has been encouragea. It is proposed
that tnis work be continued. Work by Chromalloy Compressor Technologies, for
example, demonstratea the erosion-resistant characteristics of an IVU aluminuin
basecoat with their specialiy formulate conversion topcoat (Reference o6l).
Although the comparison was not witn a cadmium process, it does indicate the
potential for such combination coatings.

Another area that may be investigated is the erosion resistance of varicus
aluminum allcys applied in the IVD process. An aluminum alloy different tnan
tne soft, basically pure, 1100 aluminum alloy tnat is normally used mey well
providge Tmproved erosion resictance, elther by itself or in compination witn a

topcoat.
3. Recommended K& Prograim
a. laent fy canaidate topcoats ana aluminum alioys for improved

erosion recistance.

b. Establish processing procedures.
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C. Test for erosion resistance and the effect on corrosion
resistance.
d. Verify environmental ccmpliance.

A report will be issued comparing results with currently used

processing, including nickel-cadmium.

C.. IMPROVED LUBRICITY

1. Problem

Fasteners are often installed at particular torques that have been
determined to give desired preloads. These torque values are usually required
by tne tecnnical manuals suppliea by the original equipment manufaciurers
(UEMs).  Since aluminum is not as lubricious as cadmium, nigner torgue 1S
required to install IVD aluminum-coated fasteners to a given prelcaud tnan to
install cadmium-platea fasteners. The OEMs are naturally reluctant to approve
plating substitutions that do  not provide similar torque/tension
characteristics., Tne following excerpt exemplifies the proolem. 1t is from
tne 0OtM report rejecting the use of IVD aluminum because of aifferent
torque/tension relationsnips. An ALC had asked for concurrence to change from
electroplatea caamium ana nickel-cadmium to IVD aluminum for turbine engine
bolts.

"A change 1in coatings cnanges the ccefficient of friction tnus
afrecting a torque required to achieve a yiven axial loag. I
significant change in torgue reguirements, as a result of Ivacize,
would be unacceptable since proaguction parts woula continue o Ge
coated witn caamium. It woula pe impractical anc confusing to nave
two sets of torque values 1In assembly instructions ana overnaul
manuals. Tnis autnor recommends that IVD aluminum not bLe Lsec on tne

parts listeg in mttacnment 1.
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¢. Proposed Soiution

The difference in torque/tension characteristics between aluminum and
caamium can be mirimized by the use of Jubricants; see Section V(A). The use
of acceptable lubricants with tne aluminum coating appears to be a better
solution than changing technical manuals to reflect different torque
requirements for different finisnes. MCAIR proposes that with appropriate
lubrication, IVD aluminum will meet any torque/tension requirement for any
application.

IVD aluminum has already been demonstrated to be an acceptable
substitution for cadmium on alloy steel fasteners. There is extensive
laboratory and field service data supporting this position, much of it
compiled in this report. MCAIR has long hela that an IVD aluminum coating is,
in fact, the best overall coating available for steel fasteners. Furtner, it
nas been demonstrated for MCAIR applications that tne wuse of correct
lubrication precludes the neea to alter installation procedures anag/or
torque/tension values. The selection ana use of proper Tlubricants snould
allow acceptable installation of IVD aluminum cocated fasteners for any

application, airframe or engine.

3.  Recommended R&D Program

MCAIx proposes to iagentify various acceptable lubricants, dependaing
upon the application. Detail parts will then be coatea to required
tnicknesses, lubricated, ana then tested for torque/tension characteristics.
MCAIR proposes to issue a report compiling tne above informaticn wnicn will
snow tnat tne coating/lubricant combination:

a. Meets tecnnical manual torque/tension reguirements.

b. Complies with environmental standards.

MCALR also proposes to cooraginate the lubricant selectic. ang data

with appropriate OEMS.
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D. IMPROVED COURROSION RESISTANCE
1. Problem

Although IVD aluminum is an excellent corrosion-resistant finisn,
improvements are always being sought to expana its usage ana to solve chronic
aircraft corrosion problems. Much research and development has been conductea
toward this end. Except for the most recent several years, most of tnis
research ana development had been directed at increasing corrosion resisténce
by improving the IVD aluminum coating structure. A columnar structure 1s
inherent witn the IVD aluminum process. Efforts were directea primarily at
making this columnar structure more amorphous ana dense. Some of tnis
researcn has shown promise. Increasing the ionization level of tne aluminum
vapor or increasing substrate temperature are examples. However, for tne ost
part, proauction processing changes cculd not be justifiea on tne basis or &

cost venefit analysis.

More recent research has been directed at enhancing the corrosion
resistance of the IVD aluminum basecoat by penetrating ana sealing its
columnar structure witn a commercially available topcoat. Preliminary results
nave been promising. Therefore, 1t appears researcnh in this area wilil proviae
the greatest gains in corrosion resistance, with the least adverse impact on

cost or productivity.
Z. Proposed Solution

cvaluate  topcoats wnich will  significantly improve corrasion
resistance ana can be Justifiea on_ the basis of a cost benefit analysis.
Preliminary research wusing Xyla 101, commercially available cerainic
topcoat, nas shnown considerable promise. Figure ve is a photomicrogran of &n
alloy stesl fastzner processea with IVU aluminum plas kylan/ 10l after ¥,ucd
nours in a 5 percent neutrdl ZESt tog environment., The fastener is still
completely protected. Tne Xyla 101 topcoat has penetrated ana sealec ine

VU aluminuin coating.




NAS 534 Alioy Steel Fastener
Protected With
IVD Aluminum Plus Xylar® 101
After
9,000 Hours of Neutral Salt Fog Exposure

Bakelite

500X
Bakelite

Air Gap
Xylar®101
IVD Aluminum

Figure 62. Magnitied Cross-Section of ivD Aluminum and Xylar®101.
In 1987, MCAIR conaucted studies which confirmed that tne use of a

Xylaﬂ:>101 topcoat enhanced the corrosion resistance of IVD aluminum coated
fasteners and haraware. In aaddition to improve corrosion resistance, tne
combination coating meets all of tne requirements of tne metallic-ceramic

coating specification, MIL-C-81/51, while providing the following advantages:

a. Superior coating coverage and unifermity - cCurrent MiL-U-cl7:2)
basecoats are eitner sprayed or dip-applied. Both proceaures rasult in
coating run-off on edges and coating build-up in recesses. Tne Ivu aluminunm
crating aoes not nave these problems.

b.  Superior coating achesion - Tne current MIL-C-51751 aanesion
reguirement is less severe than tne adnesion reguirement for IVU aluminum.
VU aluminum will routinely pass tne crushed fastener nead aanesicn Lest ar
tne standara coupon Dbend-to-ureak test. Current MIL-C-51751 coatings will
cnip ana flake, Poor aghesion is a persistent field problem fur tnese

coatings.

C. IVU/Ay]aX:D is  commercially available; tnis shoulua  Tedd to

multipie, counvenient sources of supply with competitive pricing.
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3. Kecommended R&D Program

MCAIR proposes to icentify the most promising topCoatis) by screening
and testing additional candidates. Processing procedures will se establisnesd
to produce the most cost effective finish system. Testing for corrosicn
resistance will be performea. MCAIR will issue a report verifying tnat tne
candidate topcoat(s) ana developed procedures will:

a. Ennance the corrosion resistance of IVD aluminum.

b. Exceed MIL-C-83485 corrosion resistance requirements.
Cc. Meet applicable adhesion requirements.

d. Provide a base for acceptable paint aahesion.

e. Comply witn environmental stancarcs.
€. L.xCURIUM CUMPUOUNDS AS A SUBSTITUTE FOR CRROMATE CONVEKSIUA
. Problem

Lhromate conversion coatings significantly improve tne corrosion

resistance of both aluminum and cacmium protective finisnes. Ul egual

40

iimportance is the fact tnat aanesion of paint coatings is also enhancec o, tn

cnromate corpiex on the aluminum surface. The conversion coating process

insolves drmersing tne parts in a tank of aciaifiea cnromate solution for @
snort  peoiod o time.  As aiscussed in Section IA(C), cnromate are
env/ironmental problsm.  However, tne chromate conversion treatment of coin
alurinum and caamium Tinisnes can be performeg in an environmentally compiiant
anner, 1L GUOG filtration systems, tne amcunt of  waste generatol 10

minimal.  Some of the current production tanks at MCAIR nave Operates «-o

o
[7a]

/23rs w1tnoul tne neea to cnance or dispose of sclutions, wnilh are nancles
nazardous waste. ms a result, thers have be2n Tew economic pressures Lo ind
3 nCrz 3 poilaticon free process.

HOowever, because tnhere 1S a potential fyr cnremise Compouras o
2SCape MahutaCiuring  Taciiities (tnrough exnaust  STacas O  Sewers,  ang
contaminate  tne grouna water,  touen  lzcislation sucn &S calitornia's

PrOLOsilion o3 15 now L2ing #nacted.  Tnis Taam Vimits expoSures levels OF wany

P
Ay




compounds, including chromium, and sets stanagards of disposal for some
compounds lower than those allowed in public drinking water. Such laws will
increase the costs of processing with & chromate conversion solution.
Poliution control will have to be increased to prevent even minimal leakage
into the environment. Both private industry and the ALCs should review all
processes and make changes that result in the use of less toxic materials ana
generate little or no hazardous waste. This in turn will minimize the

potential for adverse effects on the environment and improve cost efficiency.
Z. Proposed Solution

Evaluate potential state-of-the-art replacements for chromates.
Several companies are recommending zirconium compounds as replacements for
chromates on aluminum. Their data shows it is possible to meet the 16& nour
salt spray requirement of MIL-C-5541, "Chemical Lonversion (cating of Aluminum
Alloys," without the use of chromium compouncs. It may also be possiole to
use phosphate coatings in conjunction witn other coatings on IVD aluminum to
provide a corrosion protection system equal to the current cnromate/paint
systems.  Another poessible solution is the use of zirconate or titanate
coupling agents as a surface treatment. All the above solutions woule alsc

serve as a base for paint adhesion.
3. Recommenaed R&D Program

MUAIK proposes to identify specific zirconium conversion coatings,

-+

phosphate coatings, and coupling agents and apply them to IVD aluminun-¢

[
oY)

=

test specimens. Tests will be conuutivu Ly deteriine tne following:

a. Lorrosion resistance

D. tElectrical conductivity
C. Paint agnhesion

a. Service temperature

€. Resistance to common aircraft fluiags

f. Environmental compliance




A flight evaluation is proposed for the best system as determinea by
laboratory tests. Lost Analysis will also be performed.

F. COST REDULTION

i. Problem

In general, IVD aluminum has been shown to be a cost effective
substitute for cadmium, see Section VIII. However, a dedicated cost reauction
effort would have significant payoff. Such an effort is especially timely
since IVD aluminum is in the early stages of growing acceptence and usSe DY

military overhaul facilities and major government contractors.

Z. Proposed Solution

Analyze current operations to establisn their contribution to toteal
cost ana tneir potential for improvement. A top-down approach snoula ©2
followed whicn starts at tne overhaul or coatinc facility level ang s
progressively broken down to the detailed processing steps for a select group
of ccneric airframe or engine parts. Activities that are laor intensive, use
critical materials, and involve extensive planning ana contrcl will receive
righ pricrity for modernization. From this analysis, an automatea, fully
integratea production cell will be designea ana implementea. he ceoll will be

flexicle to changes in workload requirements and part configuration.

3. Recommended r&U Program

MLnIR proposes to select an ALC witn a high level or current or
potential VU coating work and concuct a detailea top-down COSU analysis.
Production coperations with a cost savings potential will be dcentitiec. n
study will e made to select between eitner an improved manual oOperalicn or
full automation, Lhanges will be implemented and comparcd witn Currcnt

operations as to tneir contriputicn to cost anasor quaelity.  Toe tinal regoert

4111 reflect total cost savinygs and serve as a guide tor siniler ioprovercnts

to atner ALL operations.
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