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EXECUTIVE SUlM"rkY

During tne perioc of I February 1986 to 31 January 1 9z, XcDonnell

Aircraft company (MLAik) completed Phase I of a three-phase program to

demonstrate that Ion Vapor Deposited (IVb) aluminum coating can replace toxic

cadmium processing at the Air Logistics Centers (ALus). The tnrust of true

program is tc reouce hazarGous waste production. Research ano aevelopme:r-

consiuerea necessary for an across-the-Doaro replacement of cadmium will Le

conducteo curing Phase 11 of the program. Procurement of an IVL aluminum

coater will be supportec during Phase 11. The coater will be installeu at an

ALC site for the aemonstration of tne !VD aluminum process ouring Piase 1i1

of the program.

w compilation of data comparing the IVD aluminum process to the various

cadmium processes has been tsemlea into a Gata base nanabooK. Inis

nanuoouK provides the designer or process engineer wiLn a technical ata

source when consicering a substitute for caamium. It also includes a reviee,

of aircraft parts now processed wito cadmium at ttue five -.LCs to ice tij

parts for wt icn IVD aluminum can immeaiately replace cadmium without concern

and identify parts wnicn exhibit "areai Of concern." kesearcn an.

uevelopment recommendations are made for supplemental processing to ot usc.

wi ;u IVb 3luinun, to eiaDle auequate replacenent of caumir, pr.r>ssrl(j Tc r

parts exhibiting "areas of concern." Processing costs ana environmental

impact comparisons are made between IVo aluminun ano cadmium. I u a]u minflub

processing was generally less expensive than cadmium, and tne iVb alunirwm

process is ronpoiluting. -I,-} arc tne OKIolaoia City ,u coated "tjpccl]"

hLL parts with IVD aluminum that are now processed witn cadmium. These parts

passec ano exceecec the military specification corrosion resistance

requirements. Ie generic nature of IVU aluminum was further demonstrazec 0,

testing coated panels anu comparing results to the coiiiplied data tOOK. pIase '

I verifies tnac i b aluniinum can De suostitutec for caumium wiLncut concern

for most applications. For those applications where the substitution is not

straigntforwaro or where otuer technical issues must be considered, te

reacer is alerted and specific research prograns are recom, uriceiieo.

Avalpbility Codes
Avali and/or

iii D See al
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PREFACE

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.

CHARLES J.CARP TER FRANK P. GALLAGHER, Colonel, USAF
Project Of icer Chief, Environics Division

7, . I-.

KENNETH T. DENBLEYKER, Maj, USAF JAMES R. VAN ORMAN
Chief, Environmental Sciences Deputy Director

Branch Engineering and Services Laboratory

V
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SECTION I

INTkUDUCTION

A. OBJECTIVE

The objective of this report is to verify the applicaoility of

ion-vapor-deposited (IVD) aluminum as a replacement for cadmium processing at

the Air Force Air Logistics Centers (ALLs). Whereas cadmium has been widely

usea as a corrosion-resistant finisn on steel, the SuDstitutiun with iVu

aluminum provides acceptable or improved performance in virtually all

applications. More importantly, the substitution will make a major

contrioution to reducing hazardous waste production and its associated adverse

effect on the environment.

B. BACKGROUND

The IVb al inum coating is applied in production coating equipment

called Ivaoizersb. The basic equipment consists of a steel chamber, a

pumping system, a parts holder, an evaporation source, ana a nign-voltaye

power supply. A schematic of an IVU coater is shown in Figure I. Tne IVL

- High Voltage
Substrate Holder Power Supply
Cathode

Evaporator
Negative Glow Power SupplyVacuum .

Chamber -

"-.. " .. round..
Movable .\-...f>

Boat Rack
-- A l u m i n u m"- "

Evaporators
LWire Feeders

Figure 1. Schematic of an Ion Vapor Deposition System.



processing sequence consists of pumping the vacuum chamber down to about

10- 4 Torr. The chamber is then backfilled with argon gas to about 10

microns, and a high negative potential is applied between the parts being

coated and tne evaporation source. The argon gas becomes ionized an creats

a glow discharge around the parts. The positively charged gas ions bombaru

the negatively charged surface of the parts and perform a final cleaning,

which contriWLtes to good coating adhesion.

Following glow discharge cleaning, aluminum wire is evaporated by being

continuously fed into resistance-heated crucibles. As Lne aluminum vapor

passes through tne glow discharge, a portion of it becomes ionized. This, in

addition to collision with the ionized argon gas, accelerates the aluminu.

vapor toward the part surface, resulting in excellent coating adhesion or,c

uniformity.

6oti tne aluminum coating and the IVD process are environmentally clean.

Cadmium, on the otner nand, is a heavy metal and is toxic to humans. Unce it

escapes into the environment, it can finu its A in( the water suHpl o-

fooo chain. Also, with electroplated cadmium processing, tnere are auditional

nazaros associated win cyanice products in the plating bath. On the economic

side, a suitacle replacement can both reduce life-cycle costs and provide an

immediate return on investment by eliminating tnose processing costs

associuted wLn nazardous waste collection, storage, and uisposal.

Tnere are inherent advantages to the substitution of IVS aluminum for

cadmium, in addition to hazardous waste reduction. IVU aluminum outperformns

cadmium in preventing corrosion in acidic environments and actual service

tests. Also, aluminum coatings can be used at temperatures up to 9b&°F,

whereas caumium is limited to 4bO°F. IVU aluminum coatings can be applied to

high-strength steel without fear of hydrogen embrittlenent. Aluminum cuatings

can ue used in contact witn titaniumn witnout causing solid metal

embrittlement, and tney can also be used in contact with fuels; caumiium is

prohibited for these applications. Additionally, IVb aluminum can be used in

space applications, wnereas cadmium is limited because of sublimation.



The coating requirements for IVD aluminum are specified in MIL-C-b046,

the tri-service specification for pure aluminuIIi coatings. After coating, the

parts are generally chromate-treated in accoruance with MIL-L-5541. This

provides additional protection against corrosion, forms a good base for paint

adhesion, and is a common treatment for aluminum alloy surfaces. In virtually

all applications, IVD aluminum can replace cadmium of equal thicknesses. It

can also be applied thicker than cadmium where part tolerance permits; tris

results in additional corrosion resistance.

C. SCOPE/APPROACH

The Air Force corrosion control document, MIL-STD-Iob, allows tne

general suostitution of IVu aluminum for cadmium un steel. However, toe

designer or process engineer who considers a substitute for camium is

invariably fac2a .,,itn iuncertainties wrich are specific to its application.

Without first-nand knowledge of all tecnnical ramifications or reference to a

reaaily available technical source, ne may oe reluctant to cnange to a

niF-ent finish. it is often easier to maintain the status quo and thus lose

the anvantages the substitution nay offer suco as improveu perfornance arc/or

the elimination of hazaruous waste production. This report, therefore, will

provioe a reanily accessible technical nata source on tne IVu aluminum, ano

cadmium processes.

Tecnnical information from multiple sources is compiled in this report to

provide a comprenensive comparison of tne performance of IVD aluminum to Doth

tue requirements of MIL-C-83486 and the performance of specifi c cauri Ul

processes. "crignt," low-ebrittlement, vacuum, ana diffused ricel-cacxiw;

protcsses are inclunea in the comparisons as are several different corrosive

environments. Tne innerent properties of IVO aluminum are discussed as we1l

as its ertect on substrate mechanical properties and fastener installation

characteristics. Information on the versatility of the IvO aluminum coat ing

ann rework procedures is also provided.



In addition to the tecnnical data presented in tnis report, processr-

costs are addressed and an environmental impact summary is proviceu. Finally,

rese-, -n and development programs are recommenaec for those few applications

where data is inadequate or adaitional researcn is required. As a single u .

source or hanabook, tnis report shoula provide virtually alI the inforl.ae:n

necessary to maKe an informea, soundi judgement on tne replacement of cau:ni<.:

processing with IVD aluminum.



SECTIoN II

CoATING PROPERTIES

A. COATING ADHESIUN

The basic requirement for good adhesion of any fin-sh is proper cleanin 9 .

The cleaning procedures for IVD aluminum ano caumium processinq are

essentially the same; both are adequate and should result in clean surfaces.

IV[ aluminum, nowever, has tne advantage of an additional, final cleani rn

procedure which takes place during processing. Tnis glow aischarge clejninj

(ion bombardment), described in Section I(b), contributes to tne excellent

adhesion exhibited by IVD coating.

Tne coating adhesion requirement of military specification forL--Th2 for

IVD aluminum is comparable to the requirements for electropiated cauiuJ; ano

vacuum cadmium found in military specifications QQ-P-41b and 'iL-C-L, 0,,

respectively. All three specifications state that adhesion snail 

determined by scraping the surface of the plated article to expose tne base

metal and examining at a minimum of four diameters magnification Tor evicence

of nonadnesion. As an alternative, a coated test coupon can be clampeG ir, a

vise and bent baCK and fortr until coupon fracture occurs. if tnt en e ot tL!1

fractured coating can be peeled back, or if separation between the coating ano

the base metal can be seen at the point of fracture when examined at tour

diameters magnification, adhesion is not satisfactory. Most r,etal finish

processors use tne oenu-to-oreaK coupon test methoo. Unrer noriial corndiLi iS,

botn IVD aluminum and cadmium finishes meet the military specificarLort

requi rements.

For parts sucn as fasteners that are coated Dy barrel tuftbli n, tne

substitution of a randomly selected sample in place of a test coupon is

allowed (Reference ]). Ine coated fastener head is crushied in a bench vise.

The adnesion requirement is that there be no coating separation from tne base

metal. IVD aluminum-coated fasteners easily meet this requirement; see Finure

L.b



IVD Aluminum Coating
Adhered to Ripples
in Alloy Steel

316x &.4x

Figure 2. Demonstration of IVD Aluminum Coating Adhesion.

inl aaaition to tne required adhesion tusts, uost I'.u a~jw p-c 'K~

uurnisn tpeenj thle as-appli ea !VU aluminum coating "An; glass unaws an si

t~ '1K5"rvs5 as a sv.;ple, supplem~ental acriasion cfliX-,. 1, -":

easily withstand burnishing pressures up to su psi whereas only 4U psi rtw2i i_

ewuves vacuum Cadmium coatings (Reference 1). Tnerefcre, 3i'1 tU2n1.

al umulnm ano vacuum. caami ur test equally well1 us ing beno-to-MraK CCOWLrS,

a I rvan u is f ar superior to vannai cadmi um in resisStingv parA w -i

surasion resistance is discussed in more detail later in Section hn).

Table 1 shows additionai results of adhesion tests on IVP~in'

Ma and aluninul alloy panels. The test ,,as conaucttc, c -, vo

etrect of chr-oImaLina on peened ann IinpetienI coatinmy surtace ,. ktsot s'l

e~cwllynt adhesion under all conditionis Rkeference j).

Anrother measure of adhnesion is the oorna tensi le strenutm Dmath Lhv i

al uinuwl coating and tne substrate . The tensile strenyi t Of ol V

b



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

Adhesion TestTestCotn
Specimen, Chromate Condition Bend-to- TapeAIong Peen Pressure (psi)
Conversion Coating Break Fracture 20 40 60 80 100

Alodine 1200
Steel No. 1 Unpeened E E E E E E M

Peened E E E E E E E

Steel No 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 E

Iridite 14-2

Steel Unpeened E 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 E E E

Key

T ',t U Non A>h~fln

M M ... N...

/' Wfl 1i , :, 1rary s tr'Uir LLc4(j psi Lu valu es reatL r tnan K.,u. , psi

., , i , . LI j ll-L,:s t '. il Ln is tt-st .

TABLE 2. ADHESIVE TENSILE STRENGTH OF IVD
ALUMINUM COATING.

Specimen Tensile Strength (ksi)

Panel '10 13 932 1028 1021 1032
One 980 830 1031 985 '1032

Panel 1030 880 994 '682 '10 32
Two 966 9 27 11030 824 11031

T , .. z '. A ll A

A'-'



In summary, Table 3 compares tne aunesion performance of 1 '" u; 'u*. '

cadmium finisnes for various test procedures. in yenera], i Iu aiw:, 1 ,i

equal to electropiatea cadmium and superior to vacuum caumni:m.

TABLE 3. ADHESION OF IVD ALUMINUM VERSUS
CADMIUM FINISHES.

Adhesion IVD 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 I II

. OUATING LUVEkRUE, UNIFuk<YiITY, D hICrI S

The IVD process provices excellent cc-tinc coverace an -,r c.

not Iimited to I ine-of-sigrt coverace and can prcecoa C -)a t

tnicKnesses up to several rilis. The IV'J aluminlum coatin c.

run off snarp 2oges re~araess of coating L' I. . "

electropiated caamium builds up on sharp ec9 s ar is .

under I mil of plating thicKness. Vacuu ca ii i ;c is i.

coating tnicKness due to stress Duiloup on snarp e.y:.

Table 4 shows the typical uniformity of i'u al:inr uf, 4-. .

steel certification panels ccatec in tue IVb alunir,Q , r

i~ooins ALo (Reference 5) Tne details .-ere OafiAeO L.

hoIc in, rac .K i -c-c o requi res - l ni Cur -oat ic I T'",1" 1, . .

Llass j coatings (nominally 0.3 to u.S nil), a n'in iiu of . ,

coatings (noil,inally 0.5 to 1.0 miI), an a 'Tiniirr "

coatings (noniinally l.u to z.u mils1 .

Figure j snows tne uniformity c{ l aLi;,P , c,_ti,-, , , -

aiaieter ry Ib-inc long v rieac cetal 1 tur LiiO v-

Laser-6 uiced Projectile. Tuie de Lal ?as fixtare s .I x t .r '

rac k.

0



TABLE 4. IVD ALUMINUM COATING THICKNESS AND UNIFORMITY.

Specimen Coating Coating Thickness (mils)a'b

Number Class Side A Average Side B Average
(Side A) (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
1

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, 1.82,1.76 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 0.83, 0.59, 0.59, 0.63, 0.74 0.68 0.92,0.51, 0.45,0.53.0.59 0.60
2

7 0.65,0.73,0.54,0.59,0.69 0.64 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.t8, 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 0.37,0.39, 0.46,0.47,0.54 0.45 0.44,0.40,0.46,0.41,0.49 0. A4
3

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 instrument
b Measurements were taken 1 in in trom each corner and in the center of the 4- by 6-in panels

15 in.

E 1.05 0.93 0.88 0.96 0.90 0.96 A
F 1.15 1.05 0.85 0.88 0.90 0.96 B5 n.
G 1.15 1.08 0.81 0.88 1.02 1.05 C Dia.
H 1.02 1.15 0.81 0.85 0.96 1.02 D

0.93 B

F

0.88

1.02 E 
G O,93

0.85
- Coating thickness measurements

taken at 90' Increments. All readings D
H are in mil.

1.02

Figure 3. IVD Aluminum Coating Thickness and Uniformity on a Cylindrical Detail.



The uniformity of IVD aluminum on regular surfaces is approxima~el. +10

percent of the median tnickness. Of equal importance is tnat tne iVD aluminj>-

coating thickness on the eage of a detail is virtually the same as tnat or, tne

rest of the detail. Figure 4 snows the excellent tnickness uniformity Det,,,een

the flat surface and the eage of a gas turbine engine blade. As shown in tne

figure, there is no buildup or tn'nning of the coating on sharp eages. T:i-

excellent uniformity of IVD aluminum does not depend on coating thicKness

(Reference 6).

I.V
-. - *h.=

;~ A'

Blade Surface Blade Edge

Figure 4. )VD Aluminum Coating Uniformity on a Turbine Blade.i''4



Metallic processing in general is limited in the coverage ot internal

surfaces. Electroplatea cadmium, nowever, can generally be fixturtd with
internal anodes for coverage of internal surfaces easier and more economically

than IVD aluminum. The IVO) aluminum process without special fixturing, will

effectively coat internal surfaces to a depth of at least one aiameter

(Reference 7). An effective coating for most applications is considereo to De

a 0.3 mil (Class ) coating or thicker.

The use of a complementary process, such as sacraficial aluminum-caseG

paints, is recommended for complete coverage of those recess surfaces wnicn

exceea the practical limitations of IVD aluminum processing. Tihe use of IVb

aluminum in combination with other compatible processes to protect internal

surfaces is a recommended research program aiscussed in Section XII(i- ).

A barrel accessory for the rack coater can be usec fur economically

coating small details such as fasteners. Toe excellent IVD aluminum coatin.
uniformity of indjivioual fasteners ana the thicKness variation tnrougnout tne

loaa are shown in Figure 5 anu Table b, respectively (References 8 and 9).

Table o summarizes the comparison of coverage, uniformity, anu tnicKness

cetween IVD aluminum and cadmium. IVD aluminum is clearly superior in tie
area of coating uniformity on edges. It can also be easily appliec thicKer

than caui urn i fiicii contributes to corrosion resistance.

C. SURFACE SMOOTHN\ESS

,oito tne IVu process, toe aluminum vapor cloua is partially ionize in t,_

argon gas glow discnarge that surrounas tne part being coated. l ois, in

acdition to collisions with the positively charged argon gas ions, accelerates

the aluminum toward toe part surface. Toe result is an adherent coatinc that
replicates the surface of toe part anu mirrcrs its surface smooLhness. T!is

tendency begins to diminisn slightly, nowever, as the coating tnicKness
increases an its cc umiiar structure becomes more pronouncec. Tneretrrc

11



Thickness Uniformity on Individual Fasteners

3M387-4-1 1 3M387-5-1 1

Recess 0.0003 7 in. Recess 0.00050 in.

Head 0.00055 in. Head 0.00050 in.

Shank 0.00050 in. Shank 0.00050 in.

Crest 0.00051 in.
Crest 0.00049 in.

Root 0.00037 in. Root 0,00037 in.

Note Fasteners randomly selected from production coating 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 Thicknesse
Numbera , b Class (mils) Thickness(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 lb of fasteners/barrel.

b Hexagon head fasteners are 318 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
lnernal Surfaces Limited Limited

Uniformity
Smooth Surfaces Excellent Excellent
Sharp Edges Excellent - No Build-Up Plating Build-Up

or Run-Off
Thickness 0.0003 in. to 0.0030 in. 0.0002 in. to• 0.0010 in.

for Electroplate
0.0003 in. to 0.0010 in.
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 posccoat

treatment, will be reviewed in this section.

McDonnell Aircraft Loilpany (Mt.uAIR) evaluated tie effect of grit size anu

grit meaid on tie smoothress of IVD aluminum coatings (keference 1u). Alloy

steel panels were grit-blasted with 400-, qU-, arid bUO-mesh aluminum oxine at



a pressure of 50 psi. In addition, some panels were grit-ulastea witn ,O-

mesh aluminum oxide, then peened with either bT-l0 or the finer bi-li glass
beads. All panels were then IVD aluminum-coated to an average thickness uF

0.4 mil. The surface roughness, before and after IVD aluminum coating for

various surface preparations, is presented in Table 7. These tests snowea

that:

o Surface smootnness was virtually unchangea by the relatively thin

(0.4 mil) IVD aluminum coating.

o 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 (Rin.)

Before IVD After IVD

Surface Preparation Average Total Average Total
Roughness Profile Roughness Profile

Height a  Heightb Heighta Heightb

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 Height is the RMS average de-,,ation in pnches measured normal to the roughne', s centerline
b Total Profile Height is the distance in punches from the lowest point to the highest point on the suriace

14



In another test, MCAIR determined the effect of grit blasting, iVD

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 machined to a finish having a surface

roughness of less than 20 microinches. The surface roughness before and after

grit blasting, after coating to approximately 0.6 ril, and after glass bead

peening at various pressures is presented in Table 8. These tests

demonstrated that:

o Grit blast cleaning with 400-mesh aluminum oxide grit had virtually

no effect on the surface finish of tne part whereas tne standard LzO-rresn

aluminum oxide grit increased the surface roughness.

o The IVD aluminum coating tended to mirror tne surface finisn of tne

part although surface roughness increased on the average z percent atter

coating; this increase is not significant for most applications.

o The surface roughness of the coating increased witn glass beaa

peening because tne relatively large impinging glass beaus craterea tnt

aluminum coating.

TABLE 8. SURFACE FINISH DATA FOR IVD ALUMINUM PROCESSING.

Grit Blast Data Surface Roughness (gin. RMS) a

Substrate After Glass Bead Peening (psi) Average
Blast Coating

Grit After ThicknessPressure Before After Coating (mils)aSize (psi) Grit Grit 20 30 40 60

Blast Blast

400 35 1721 19,20 22122 40/40 - 57 58 - 0.54 0.55

400 35 19,19 1919 2726 43.43 - - - 0.51 0.54

220 35 1923 2829 - 44.43 - 6468 - b0 .5 7 0.59

220 35 1721 26 3935 - 5355 - - "0.59 0.g

400 35 1927 1824 2628 - 50'52 - - 0.530.56

400 60 - 2021 2223 3543 - 4854 6577 0.570.60

220 60 -- 2428 2529 3840 - 5256 63 76 0.570.58

a First number given is Side 1 of each plate. second number is 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 to coating wraparound

15



After an IVD aluminum coating is glass-bead-peenecl, 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. Smoother coatings

can be obtained by reducing the glass bead peening pressure and/or media size.

MCAIR evaluated tne smoothness of 0.5 mil thicK "bright" and

low-embrittlement cadmium finishes on 4130 alloy steel panels. The steel

panels were grit-blasted with 10-mesh aluminum oxide grit prior to plating.

The surface roughness of the steel panels before and after cadmium plating and

after a hand burnishing with an abrasive nylon web pad is presented in Taole

D. These tests showed that tile surface roughness of the parts after plating

was not significantly changed, and hand burnishing improved surface smootnness

approximately 10 - 40 percent.

TABLE 9. EFFECT OF POSTCOATING TREATMENT ON THE SMOOTHNESS OF
CADMIUM PLATING.

Surface Roughness (tlin.)
O AfterPa After Plating

Before Plating8 After Plating Before Plating a  and Burnishingd

Bright Cadmium
Average Rnughness Heithtb 87 85 87 79
Total Profile Heightc 526 519 550 473

Low-Embrittlement Cadmium
Average Roughness Heightb 83 87 56 32
Total Profile Height' 474 611 374 215

a All panels were grit-blasted with 120 aluminum oxide grit prior to plating.
b Average Roughness Height is the RMS average deviation in pinches measured normal to the roughness center(ine
c Total Profile Height is 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 smootn, are

important in jet engine applications. Protective finishes with 13w uratj

cnaracteristics minimize fuel consumption an erosion in tne airflow sections

of engines. iNIR evaluated several methods of polisning 1Vb aI 'nu,

coaLirics (teeference 1). Compressor blaies, sections of a stator assei.ly,

and alloy steel panels were IVD aluminum-coate and ti'en polisei as showfn in
Figure 6. Photomicrographs of an "as-coated" IVL aluminum surface, a

gless-oea-peened iVD aluminum surtace, arid two polisn, IVU aluminum surfaces

16



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

2 x 3.5 in.

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 1U. These tests demunstraLt ,

IVb aluminum coating can be polisned to a surface finish of less than LO

microincnes. This easily satisfies requirements such as Pratt ana Whitney

Specification 110-4 for coating smoothness on compressor and stator blades.

The tests also snowed that IVD aluminum coatings can be polished to a surface

finish of lU to LO microinches without significant removal ot tne coatin,,

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.m niil tnicN or

less IVD aluminum or cadmium finisnes is small. Surface smoothness of iVU

aluminum coatings decreases as thickness increases. Both IVD aluminum coating

and cadmium plating can be polished to produce smoother finisnes.

D. TEMPERATURE

IVD aluminum can be used in applications wnere service temperature

requirements are considerably nigher than tnat allowed for cadniu,. iV

aluminum can be useu at temperatures up to YZb5F without anj auverse effects.
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IVID Aluminum Coating at 39 Microinch IVID Aluminum Coating Glass Bead
Finish (Substrate Surface Cleaned Burnished to 62 Microinch Finish

with 2240 Aluminum Ox~de Grit (With BT-1 0 Beads at 20 psi)
at 80 psi) -

... .. .. ." / i /

w. '" 4,44 .

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

Figure 7. Smoothness of IVD Aluminum Surfaces Before and After Polishing.
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TABLE 10. POLISHING DATA FOR IVD ALUMINUM COATINGS.

Finish Polishing Media Polishing r]!-n(g~in.) Compound !npnt

18 1/8 in. Microbrite BB01 0 Highly Reflective Surface-
No Coating Removal on
Edges or Corners

36 Ceramic "F"- 50%, 1/8 in. Cylinders 550 Flowthrough Some Removal of Coating
and 50%, 3/16 in. Cylinders at Edges

36 Plastic Cone - 3/4 in. Base, 3/4 in. Acid Burnishing Moderate Polish - No
High, Tumbled Compound Surface or Edge Damage

10 Steel Balls, Tumbled Unknown Removed of Coating
at Edges-
Excellent Surface Polish

10 Porcelain; 3,16 in. by 1 2 in. Cone MA-30 Some Removal of Coating
at Edges

24 Steel Diagonals -31 16 in. Soap Severe Edge and Corner
Coating Removal

40 None IVD Surface as Coated

62 BT-10 Glass Beads Burnished at 20 psi

Laamium melts at 600'F but is usually limited to a 4bO°F service tempprature

because of embrittlement that can occur at nigher temp'-rtures. Above buU°I,

molten cadmium embrittles hign-strengtn steel by grain bounaary peeLratiorl.

It has been shown, nowever, tnat cadmium plating can also cause caumium

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

Ine nigner iVb aluminum service temperature nas been a suluLir u ,

numerous finishing prooleis involving applications above tne 450'F limit n:or

caumium. Tne following examples are provided:

o 6C-I ,ai n Lancing Gear Piston BraKe Flange boIL - For this

nigh-strength steel detail, it was found that caumium plating melted, cnrome

plating gaIlec, ant nickel plating imposed nyarogen embrittiefent probiens.

The selection of IVU aluminum for this detail proviaec:

- Accepraole service temperature

- tcceptable installation cnaracteristics

- o hydrogen embri tlement

- Acceptaole corrosiun resistance



o DC-10 Aft Engine Hangers - For this 4130 alloy steel aetail subjectea

to a 800-900F service temperature, an aluminum-filled paint-type coating vas

originally selectea over diffused nicKel-cadmium as the best available nion

temperature protective coating. However, one airline reported (Reference 13,

that it was necessary to remove and refurbish these mounts every 1500 to jjuJu

flight hours to retain adequate corrosion resistance. Tne amount of Lime tme

aircraft was out of service for refurbishment was deemed to be prohiitive.

As a result, United Airline was tne first carrier to install an 1.0

aluminum-coateo mount (see Figure 8).

IVD Aluminum Provides
Corrosion Resistance at
Temperatures to 9250 F

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

Tneir first report after one year of service, about 3500 fliunt

nours, statea satisfactory performance. Tnis same count noN has over Il,uu.

flight hours of service without being refuroished (aeference 14). As a result

of tnis performance, Douglas Aircraft issued a letter to all DC-lu carriers

soggesting that tne engine mounts Le refuroisnea "itn 1VD aluminum £Reference
Is). Unitea Airlinies, for one, nas hac Lneir complete ut-lu fl'e refurnisned

Y4ltn IVD aluminum, anu boeing is using iVD aluminum on tne engine ;oulnts o,

tneir newest commercial aircraft.
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o F-l5E Landing Gear Assemblies - The F-15 lancing gear components hao

been cadmium-plated before the F-15E model which is heavier tnan preceding

models. This adoed weight increased the temperature of some landing Qear

components during braking action to approximately 4500F. When testing

indicated possiole caamium embrittlenlent conditions, MCAIR recommended a

change from cadmium to IVD aluminum. The selecticn of IVD aluminum eliminated

embrittlement concerns with solid metals as well as with hydrogen.

In summary, IVD aluminum nas twice tne temperature capaoility of caumium,

ana there is no embrittlement concern.

L. ELECTRICAL

IVU aluminum with a supplemental chromate conversion coating is

electrically conductive. The coating meets the requirements specified in

MIL-C-8I706 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-b541 shall not have a contact resistance greater

than 5,U0U micronms per square incn as applied, anu lO,U bu nicronms per square

inch after exposure to 5 percent salt spray for 166 hours. Tne electrical

measurements are made witn an electrode pressure of LuO pounds per square incn

(psi) applieu to tne treated area.

In an effort to further quantify the electrical cnaracteristics of iVu

aluminu::m, conductivity tests were performed oy MCFIR (Reference Io). IVU

aluminum was applieu to qlass slices r u tie conGuctlvity was compared to tnat

of 1 lob-alloj aluminum wiire that nac ucen melteu anc polisntu zo prcvioe a

standard reference. These tests snowed that tne IVD aluminum coatinq nas

approximately 46 percent of the conductivity of the bulk lluU alloy. Tnis is

significant in tnat bulk aluminum is approximately tnree times more conouctive

than cadmium.

Tne Pratt & Wnitney Aircraft uroup also performed electrical tests on iVD

aluminum and otner commercially available finishes kReference li). Tne lVu

aluminum coatinn displayeu tie lowest electrical resIstance witnin tne tesLe



group whicn included diffused nickel-cadmium. Tnese firisnis "

temperature requirement of bOUUF wnich is above the qU 0°F c pera:~r Y"

standard electroplated cadmium. The rougn order of magritGf r

unable to pick up any resistance in the IV2 aluminum coatings os sn.vr, ,

portion of the data presented in Table 11.

TABLE 11. ELECTRICAL RESISTANCE MEASUREMENTS
TAKEN ON VANE SPECIMENS.

Nominal Thickness Electrical Resistance(mils) (ohms)
IVDAluminum#1 1.5 0
(With Conversion Coat)
IVD Aluminum #2 1.5 0
(With Conversion Coat)
IVD Aluminum 2.0 0
(Without Conversion Coat)
Diffused Nickel-Cadmium 0.3-0.5 0.7
E-Nickel-Cadmium 0.7-0.8 0.3

Electrical conauctivity coupled with tne proven corrosion rtsistance_

1V) aluminum coatings has lea to its use in applications ret uiri,, ::c'!

capabilities. These are aiscussea in aetail in Section Vi',hj. ' w.

is usea for electrical Donding and elec tro-agnetic i tcrerence

(Eiv1L) .

F. CUIIPATISILITY

The aluminum coating depositeci by the IVD process exnibits En.-

composition as tne basic llUU aluminum alloy evuporant ,.etr .

]luO alIuy aluminum ana cadnmium have simi lar electrulytic sol tir; ;Ic.

-U.o ano -0.6 volts, respectively, when iieasurtu a_ 1r,s I I

calomel electrooe (Reference ]). Since milc carrun sLtee 213 a s,

potential of -L.h volts, botn !iV) aluminum ano caumijr; pro~l, : r ti

corrosion protection in aqueous environmentis. JCCtl I I il

corrosion protection proviaea to alloy steel sucstratts L),

cuaLinos ana various cadmium p Idltings.



Cadmium finishes are prohibited on fasteners, fuel lines, and uther

components where they may come into contact with aircraft fuels (keference

O). In contrast, IVD aluminum coating is compatible with aircrart fuels an(

oils. Additional information on the usage of IVU aluminum in contact with

fuels, oils, and other fluids is found in Section VIF).

Cadmium coatings are also pronioiteo from being in contact wltn titanium

because solid metal embirittlement may result. IVJ aluminum is compatible wltn

titanium ana is usea on aircraft to eliminate aissimilar metal prolIeiiis

between aluminum and titanium structures. Additional information on tne usaqe

of iVD aluminum on titanium substrates is founa in Section VI(b).

dD aluminum coatings are more compatible for nigner tetperature

applications than cadmium platings. IVD aluminum coatings can be useG at

temperatures up to 9L5°F (compared to 45 0 'F for cadmium). Also iVD aluminum

coatings are more compatible for hign-strengtn steel applications Decause

electroplated cadmium causes hydrogen eniorittlement problems; hign-strengtn

steel parts niust be embrittlement relieved by a long, nigh-temperature baKe.

N~o cydrogen is generated during tne IVD coating process. Discussions on

hign-temperature usage and on hydrogen embrittlement can be found earlier in

Section 11(D) ano Section IV(i-), respectively.

iVD aluminum coatings anG cadmium tinisnes are bo h compatioie itm

aircraft paint systems. Aoaitional information on paint adhesion of iVD

aluminum ano cadmium finishes is founo in Section II(U).

Table l summarizes the compatioility cT IVD aluminuti and cauvim fisnes

for the various applications reviewed. Ms shown, I'vD aluminum is more

compatible thon cadmium.

u. TuPLoT UHLESi(Th

Topcoats sucn as paints, sealants, lubricants, etc. are usea to improve

tne performance of the underlying oasecoat. For example, topcoats are used to

improve corrosion resistance, improve erosion resistance, or cnance tnie



TABLE 12. COMPATIBILITY OF IVD ALUMINUM
AND CADMIUM FINISHES.

Compatible Cadmium IVD Aluminum

With Plating Coating

Jet Fuel No Yes

ritanium No Yes

Hydraulic Fluids and Oils No Yes

Temperature
Low (Up to 45 0 '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. The application and successful

performance of any topcoat is depenaent on basecoat qualities sucn as

coverage, uniformity, ana acnesion. IVU aluminum is cnaracterizeu Q,

excellent adhesion, coverage (non line-of-sight), ana uniformity ino Duilaup

or run-off on edges) as discussed in Sections II(A) ana KB).

Paint priimer ano topcoat adnesion are generally uf tine most interest t-*

ijlitary ano industrial users. Aluminum alloy surfaces require a cnromate

conversion coating for acceptable paint adhesion. Therefore, paint aonesion

tu the IVD aluminum 1100 alloy might be expected to be approximately tot srKe

as paint aunesion to any other aluminum alloy as long as Ootn are cnrohacu

converion coated. In fact, paint adnesion to IVD aluminum is better than to a

wrought aluminum surface because of the structure of tne coating. iVu

aluminum condenses from the aluminum vapor cloud onto the part surface to forw,

a coating with a uniform, columnar structure; see Figure o. 'ltnouuu tna uDse

layers of aluminum are dense ana relatively homogeneous, minute spaces Jetween

adjacent columns are formea as the columnar structure grows. hs a result, tnu

paint system (and otner topcoats) can penetrate into these spaces. Because it

nas many anchor points, the paint topcoat will aonere to tne aluminum Dasecoat.
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Surface of . -
Aluminum Coating

Edge (Thickness) [
of Fractured

Aluminum Coating

Fractured J
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 al). The fastener was

sectioned through toe threads ano one piece was etched in a 10 percent sodilm

hydroxide solution to dissolve the aluminum. X scanning electron Jicroscupe

examination of this etched system showed a skeleton of primer extending well

into the IVD aluminum coating. This test verified tnat topcoat penetration

into the IVD aluminum columnar structure id occur to enhance adhesion.

The Boeing Lompany evaluated paint aonesion on flush heao fasteners

installed in an aluminum alloy panel. A .b-0.6 nil thick layer of bMS IO-7

primer followed by a l.b-.U mil thick layer of BMS lU-bO, Type 11 enamel was

applied to the heads of IVD aluminum-coated and cadmium-plated fasteners. Tne

paint system was cured for seven days at 70 + °F and 40 percent relative

humidity. Toe adhesion of tne paint system was evaluated cry and wet, after a

7- day soak in distilled water at 7U0 . Boeing reported satisfactory paint

adhesion on the IVD aluminum- and caumium-finished fastener heads, Ootn before

and after the water soak (Rkeference 2).
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The real verification of paint adhesion is the tens of tnousanas of

aircraft parts coated witn IVD aluminum now in service. Prouuction experience

has shown that adnesion of the various paint systems to IVU aluminum basecoats

required virtually no in-house rework. In the lz years paintea parts have

been installed on aircraft, few, if any, paint acnesion problems nave been

reportea to MCAIR from the military services.

Sometimes cetyl alcohol or dry film lubricants are useu on IVD

aluminum-coated, threaded parts during the installation of nuts or curing rie

installation of the coateo fasteners into close tolerance noles. Tnese ana

most other commonly used aircraft lubricants are compatible with aluminum.

Tne use of lubricants is discussed in more detail in Section V ana XII(U).

Anotner example where IVD aluminum is used as a basecoat is tie

application of ceramic sealcoats. Metallic-ceramic coatings per M jIL-0-bl 7i

are useo to protect steel parts from corrosion by ootn the iALCs on engine

parts and NAVSEA for various marine applications. The two-part coating system

consists of a sacrificial aluminum paint basecoat ano a ceraic sealcoat.

Such co}ings include those under the commercial namiies Aseao Aylat - atnu

'erme _i The use of IVu aluminum as the sacrificial aluminum basecoat ano

xyla '-'101 as the ceramic sealcoat proauces a metallic-ceramic coating trat

easily meets tne 1000 hour corrosion resistance in neutral salt fog required

by i",iL--31J l . Figure 10 shows two alloy steel fasteners, still protectec

with IVD aluminum/Xylar ]Ol after 18,000 hours in b percent neutral salt

fog.

Figure 10. Alloy Steel Fastener With IVD Aluminum and Xylar Topcoat
After 17,952 Hours of Neutral Salt Fog Exposure.



IVD aluminum provides a superior basecoat because it covers uniformly, Goes

not build up or run off edges and adheres significantly better tnan the

aluminum paint basecoats. Insufficient coverage on edges and poor adnesion

are field proeems for many metallic-ceramic coatings. Initial testing of IVD

aluminum/Xylao ll by MCAIR (References 23, 24 and 2t) shows prnmise for

its use to increase corrosion resistance and enhance erosion resistance.

In summary, the adhesion of topcoats to IVD aluminum can be categorized as

excellent. This is due to the inherent qualities of Lne IVD aluminum coating

including its coverage, uniformity, adhesion, as well as its columnar

structure which allows topcoat penetration.

H. EROSION RLSISTANCE

Both IVD aluminum and cadmium are soft coatings and are not particularly

well suited for erosion resistance when used by themselves. vevertneless, i2

aluminum will outperform vacuum cadmium in resisting abrasive forces ana

diffused nickel-caamium when subjected to an erosion/corrosion environment.

In addition, IVD aluminum has advantages over caomium for sucn an

application. First, IVD aluminum can be economically applied thicKer tnan

cadmium and, therefore, outlast cadmium when subjected to abrasive forces.

Second, IVD aluminum is well suited to being overcoatea with aurasion

resistant miaterials. Research to improve the erosion resistance oT iK.

aluminum with topcoats is discussed in Section XIIkb).

Although the adhesion of IVO aluminum and vacuum cadmium test equally well

usirg benu-to-break coupons, IVU is far superior in resisting abrasive

particles. This is important in that IVD aluminum and vacuum cadmium coatings

are often used on fixed and rotary wing aircraft landing gears, because

neitner process causes hydrogen ermorittlement of tne hign-strengtn steel

details. however, for such applications, tne coatings are suojected zo

abrasive media during taKeoff and landing operations, and the superior IVD

aluminum coating will require less maintenance. MCAIR compared the erosion

resistance of vacuum cadmium ana IVD aluminum using both glass ueaus aiid

aluminum oxide grit (R<eference L6). Figure 11 shows the superiority ot IVLU

aluminum in resisting abrasive particles.
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IVD Aluminum !IVD Aluminum

No Effect No Effect , g; .

153 5 sec

Glass Beads 220 Grit

VAC CAD VAC CAD

No Coating No Coating

15 sec 15 sec
3 ec !5 sec

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 , IVb aluIinum itt)

a standard chromate conversion coating was shown to eroae faster tnan tne

combination coating of diffused nickel-caamium. However, because tne IVD

aluminum coating was applied thicker (1.5 mils vs 0.7 mils), there was

adequate IVO aluminum remaining at the conclusion of the test. More

importantly, IVO aluminum provineu better protection to tne substrate as the

erosion process occurred. With diffused nickel-cadmium, the caumium erudes

very rapidly, leaving only the nicKel coating wnicn offers no anoi,.

protection to the substrate. In fact, subsequent testing by Pratt ana hitney

snowed IVD aluminum to be tne best coating testea ot 410-alloy steel.

Specifically, IVD alufriinum outperformed ootn niffusen nickel -cadmium ant



Emplate nickel-422/caomium in an erosion/corrosion environment. Tnis was true

for IVD aluminum samples supplied both with and without a stanoara cnromate

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 27), the erosion rate of IVD aluminum was shown to be

slijntiy higner tia, a ij mb ot6n cairg of platinum/cop PeC/,cI e i or

90-degree and 60-aegree angles of incidence, but actually lower 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 cne

laboratory and in field service by Westinghouse for use on steam turbine

blades (Reference 26 and 29). IVD aluminum has subsequently been put into

production for this cor-osion/erosion application. Tnese tests are discussed

in more detail in Section I11IIB).

The foregoing establisnes tnat IVu aluminum, although neitner it nor

cadmium should be considered an abrasive resistant coating, does in fact

outperform cadmium in sucn applications. Further, IVD aluninum is equal to or

better tnan tne combination diffused nicKel-cadmium coating for

corrosion/erosion applications. Tne primary reason for its super iOr

performance is that it can be applied thicker, and also it provides

sacrificial corrosion protection throughout its entire tnicKness during the

erosion process. Therefore, the substitution of IVD aluminum for cadmium

should not be impeded because of an erosion resistant requiremeiL except winere

thin IVD aluminum is required because of tolerance requirements. In tnis

case, abrasion resistance supplemental topcoats offer potential as Giscussea

in Section XII(B).



SECTION III

CORROSION RESISTANCE

A. MIL-SPEC REQUIREMENTS AND TYPICAL TEST RESULTS

Military Specification MIL-C-b.3-4bL eSLauob!ries ne r quireei.L for

coating low alloy steel, stainless steel, aluminum alloy, and titanium alloy

parts with high purity aluminum using the ion vapor deposition process. It

identifies three classes and two types of coatings. Class I coatings are the

thickest and are generally useo because they provide the best corrosion

resistance. Class and 3 coatings are thinner and are generally used tor

parts with tolerance limitations such as fastener threads. Type I is "as

coated." Type II has a supplementary chromate treatment in accordance witn

iL-C-55l and is recommended because the chromate provides additional

corrosion protection. It also forms a good base for paint adhesion ana is a

common treatment for aluminum surfaces.

MIL-C-83486 requires that "a random sample of two articles shall be taken

from any inspection lot at a minimum of once per month or two separately

coated specimens (of 4130 alloy steel) shall be prepared (cleaned ano coated

as a typical production load) to represent an inspection lot." Tuie selecteu

specimens are tested in a neutral salt fog environment per ASTM Method bl17 to

establisn tne corrosion resistance of the aluminum coating. MIL-C-ba4o6

specifies tnat tne test specimens "shall show no evidence of corrosion of the

basic metal when exposed for the period of time sno~vn in Table 1."

During the early 1970s, the IVD aluminum coating process had advanced at

the McDonnell Aircraft Company (MCAIR) from a laboratory to a pilot production

status. Full proouction use began in 1976. Since that time, tnousanGs of

parts for the F-4, F-lb, F-18 and AV-8B aircraft nave been processed. N, iirk

has three production coaters in-house to support their extensive use of IVD

aluminum coatings. Once a month for eacn coater, two 4- by 6-inch, 41bo steel

specimens are IVD aluminum coated to each of the three tnickness classes.

These process control specimens are sent to the Quality Assurance Laboratory
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TABLE 13. MINIMUM REQUIREMENTS OF MIL.C.83488 FOR
NEUTRAL SALT FOG EXPOSURE.

Minimum Salt Fog

Class Coating Test Requirement
Thickness Type ia  Type jib

(in.) (hr) (hr)

1 0.0010 504 672
2 10.U005 336 504
3 0.0003 168 336

a Type I - as coated
b Type II - with supplementary chromate

treatment

for corrosion resistance testing. Some 000 specimens nave been tested since

197o (Reference 30). All of the specimens nave met iIL-C-8346o requirements.

In addition to monthly in-house corrosion testing in support of aircraft

production, NICAIK also requires tn:t all new suppliers of the IVD aluminum

coating process provide specimens for testing. Four IVD aluminum-coated

4-incn by 6-incn, 130 steel panels are required for each of tne tnree

tnicKness classes. The specimens are submitted to the laboratory to verify

that the supplier can produce coatings tnat will satisfy the corrosion

resistance requirements of MIL-C-83486. Since 1976, over 30 supplier coaters

nave been certifieu (Reference 31). unce a supplier oecomes certified as al

approved source, he must perform monthly corrosion resistance tests to the

NIL-SPEC requirements. Suppliers nave not reported any problems meeting these

conditions.

MCAIR's laboratory research with IVD aluminum coatings provioes an

additional source of corrosion test oata. Corrosion resistance has been

measured and recorded for most coating cycles conducted in the laooratory.

These coating cycles incluue large numbers of steel prototype parts fur iCkIR,

other companies, inu the military services. Subsequent reports or corrosion

performance by these external sources provide an important substantiation of

MCAIR testing.



The compilation of information over the past aecace frcm production

activities, laboratory evaluations, and independent testing has prouucec' -

unique and extensive data base on the corrosion resistance of IV alu)inumr.

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 testec

to failure in a 5 percent neutral salt fog environment. Failure is

considered to have occurred at the first sign of red rust wnicn results wnn

the IVD alurninum coating is depleted to the extent it can no longer

sacrificially protect the steel substrate. SoUe 90c data points were

randomly extracted for 4130 ,teel test panels representing nano-tixturec

aetails and alloy steel NAS bb4 fasteners recresentinq barrel-fixturec

details. For the test panels, there are 148 cGta noints for Class '

coatings, 167 for Class 2, and 56 for Class 3. For tne test tastaners, trere

are 13 data points for Class 1, '.,7 for Class 2, an6 2c4 for Class c.

The MIL-C-:3468 corrosion resistance requirement ano tne average tine tc

failure for the three IVU aluminum coating classes are shown in Figure

IVD aluminum performs extremely well. Class 1 coatings average approx:i mate

10
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Figure 12. Average Test Re, ults Versus Minimum Requirements of Mii-C-83488.



900u hours ano Class III coatings about lO00 hours in the 5 percent neutral

salt fog environment. Un the test panels, the average corrosion resistance

of Class 1, 2, ana 3 IVO aluminum coatings exceeds the requirements of

MIL-C-83486 by a factor of 13. , 5.8, and 2.4, respectively. Fo, tne test

fasteners, the average corrosion resistance of Class 1, 2, and I IVD aluminum

coatings exceeds the requirements of MIL-C-83468 by a factor of 12., .l,

and 3.0, respectively. The correlation between the test panels and fasteners

closc and p-'o,'1!es an adaitionzl level nf confidence in the test at".

Figure 12 shows a plot of corrosion-resistance data points for the neutral

20

18- + +

16- + +

14 -I* + + +++

12- ++ + +
Hours in + +
Neutral 10 +"'l, 7' M +0 - + + +

4+
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0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3
Aluminum Coating Thickness (Mils)

Figure 13. Corrosion Resistance of IVD Aluminum In Neutral Salt Fog.

salt tog environment. Tie curve fitting the uata gives averase values ct

corrosion resistance for tne IVD aluminum coating over a wide ranqe of

thicknesses. Une advantage of IVD aluminum versus cadmium is that it can

easily be applied mucn thicKer ana therefore pruvides increased corrosion

resistance. i-s shown from the curve, typical corrosion resistance of iVL

aluminum ran'j,_s from approximately bUuU nours at I Ti1 to 14,UUO hours at

.. .. ... .



2.3 mils. Also note that the lowest data points for the Class I, 2, anc,

thickness ranges are 2088 hours, 576 hours and 336 hours, respectively.

Tnese are all equal to or above the MIL-SPEC requirement. The curve is a

useful design tool and also can be used to check the quality of processinj

procedures. For example, if quality control test values for a particular

thickness consistently fall below the curve value, it mignt be surmiseo tnaL

processing procedures are not up to standard.

B. COMPAkISONS TO CADMIUM PROCESSES

The corrosion resistance performance of IVD aluminum nas oeen comparea to

the various cadmium processes on alloy steel substrates by MCAIR and otnrs,

including the military services. The comparisons have generally oeen male

for either neutral salt fog, acidic salt fog, or outooor environmental

exposures. In addition, IVU aluminum ano cadmium finishes nave been compared

in several specialized test environments. Tnese coiparisons, leac to tne

conclusion that IVD aluminum can replace all cadmium processes 41ithout

exception.

Electroplated cadmium ("brignt cad") provides tne best corrosion

resistance of the cadmium processes and is used for most general

applications. The more porous electroplatiJ cadmium process, I c-

t; ,,r-l-tt :ent radnium "dull cad"), and vacuum caumiu;m are normallj use in

place of "bright cad" on hign-strength steel details to control nydrogen

embrittlement. lne diffused nickel-cadmium process is normally used for

nigner-temperacure applications (up to 90u0 F) and/or Tor appliations

requiring better erosion resistance. umter cadmium proce ss, sucn as

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

Tne following general statement can be maue wnen corm.paring tie corrosion

resistance of IVu aluminum to tne most corrosion resistant cadmiu.; process,

'cright cau":



For equal tnicKnesses, "bright cad" protects alloy steel better than ivo

aluminum in the neutral salt fog environment. IVD aluminum, nicv'ver,

performs well in tnis environment and protects alloy steel better tnar

"bright cao" in acidic salt fog environments and in most outdoor

environments.

Major advantages of IVD aluminum are its 950'F service temperature anu

the fact that it does not cause hydrogen embrittlement. Therefore, it can De

applied to steel details of all strength lhvels without limitation. In

aadition, with the IVD aluminum process, coating thicknesses up to several

mils can ue applied. ThicKnesses are generally limited to a mil or le-,s ,.itn

the cadmium processes. The aacad corrosion resistance of tnicker IVLJ

aluminum for tnose applications where part tolerance permits aacs to its

merits.

1. Neutral Salt Fog Exposure

IVD aluminum performs well in neutral salt fog as aocumentec in

Section IiI ). however, "orignt caa" at equal thickness perforiis even

better. On examining test reports comparing the corrosion resistance of IV)

aluminum versus the other three cadmium processes, some conflicting

conclusions were encounLered. In general, however, it can be concluaei that

tne perfornance of IVD aluminum is essentially equal to those processes in

tne neutral salt fog environment.

o IVD aluminum versus "bright rad" - The following aobreviateG

suimaries of test results reportec by others siuw satisfactory performance

for both finishes in the ASTM Bll7 neutral salt fog environment:

(1) SPS Tecnnologies compareo "bright cad" an IVD aluminum on

Y' I ]50-04-013 alloy steel bolts for 500 hours in neutral salt Io-. SP-

reported that the IVD aluniinum coating arnd the cyanide (brignt) caCmium

pl,-ing providec equal protection to the alloy steel Doits Reference jL,.

(L) Tne Carter Carburetor Division of ALF Industries exposea

alloy steel springs protected by both IVD aluminum anu "brign caa " to



neutral salt fog for a total of 9,,U hlours. Similar to tie 9S P ot e

Carburetor reported that IVJD aluminum andJ brignt cadmiumr coat-n ,s rviE

equal protection to th~e springs (Reference o)

o IVU aluminum versus low-enibrittlement caomiumt' - Vacur; :o

such as ID aluminum ana vacuumi cadmium uo not cause nyurogen rrte u

and are olften used to protect hign strc.. oi steel parts froii ccrrus-tw. -

"dull cad" plating with proper postprocess baking for emolrittlewinT e<i

also satisfactory. Landing gears are typical of tne hion-strentlgiL2F;:~

protecteo with these processes.

Lanuirig gear finishes are often subjected to scrdtcn, s

development of voios from deioris hitting tne gears during t e Gr TS

fluncings. These damaged areas can then oecome corrosion sites. 1i ts z

1W.) aluminum and "dull cad" finisfica panels witn detects of v ar io GA S S

purposely introduced to simulate wnat might occur on ianuing gears. I-r'

parts were tnen subjected to neutral salt fog testing for btb nours. '-,

reported in Reference 34 tnat ID aluminum was slightly superior to ine "'
cad" plating.

o IVLo aluminum versus vacuum cadmium - Like "cull Cc, vaCui:

cadom iumii is primarily used for nhigh -s tr eng9t n steel applications. T i

p--rf o rnance of I VD a ILim in um c ompares f avor ablIy w ith v ac u um c aur vlrL 1I

salt fog. Tne following are test report summaries: %

(1) SP S Tec n no Io g ies c omp ared IV D alIum in u m anaG va c u;r1 i3'c -a

h-1 uoIt s for 5Uu hlours. Iney reported i n Reference 1 tn te

aIumTIi n um coating provided better protection to tne n igh stngtn stee -

bolts. Tne test specimens after exposure are shown in Figure 14.

) mi comparec IVD alIuinum- ano V acuLIm-caG11i UmI-coateG ,I

al loy steel panelIs in neutral salt fog for bOD nours. iA portion of t n

coatings nod been purposely remnoveo in a diagonal strip across eacti pail-u

surface to observe tne sacrificial nature of the coatin .In tnis case, tn,-

test results snowed tnat the vacuum cadmium coating pr~videG [more protect~i,&n

to the steel panels tnan the ID almnmcoating Hreference J:).

Th
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IVD Aluminum-Coated H-11 Bolts

'' A

Vacuum-Cadmium-Coated H-11 Bolts

Figure 14. IVD Aluminum- and Vacuum-Cadmium-Finished Alloy Steel
Fasteners After 500 Hours of Neutral Salt Fog Exposure.



o IVD aluminum versus diffused nickel-cadmium - Nickel-cau, i.:n is

primarily used for engine applications. The following aboreviated summaries

are from compJany reports comparing IVD aluminum and nicKel-cadmium in the

neutral salt fog environment:

(1) Pratt & Whitney Aircraft tested iVD aluminum and

nickel-cadmium finishes on ANS o 32 bolts for 1800 hours per ASTA bIT. Tney

reported in Reference 36 that the nickel-cadmium plated fastener was severely

corroded. Corrosion of the IVD aluminum coated fastener did occur, but it

was not as severe.

(2) In another test, Pratt & Whitney compared IVU aluminum ano

nicKel-cadmium finishes on AMS 63A2 and AMS bJ04 bolts. The Dolts were

exposed to neutral salt fog for 766 hours. Again, IVD aluminum provicec

better protection.

(3) Boeing tested IVD aluminum and nickel-caamium finisheo h-ll

steel bolts for 33b hours in neutral salt fog. They reportcd tnat IVD

aluminum ano nickel-caumium provioeo equaI protection to tne h-f bolts. In

the same report (Reference 7), it was stated that for longer-term salt tog

exposures, nicKel-cadmium provided better corrosion protection tnan 1vU

aluminum.

(4) Westingnouse Electric and Southern California Loison ran a

q-year study for the Electric Power Researcn Institute to identify finisoin,,

systems that 4oulo alleviate corrosion-related fatigue failures uf

low-pressure steam turbine components. IV aluminum and nicKei-cairniu, vere

tvo of the 2o protective finishes evaluated on steel panels in a neutral salt

fog environment. In addition, IVS aluminum ano nickel-caomiu, were

evaluated on stedm turbine blaues for 1 year in a Soutnern California Lcison

po,'er plant.

WestingiOuse ano Soutnern California LCison re.Jortea zna:

ijU aluminun provide the oest corrosion protection of all tne finisnes

evalunteu keterenct b). iVD alaminum provided slightly better protection



than the nickel-caomium). Subsequently, IVb aluminum was judged better tnan

nickel-cadmium after 1 year of exposure in the operating steam turoine

(Reference 29).

2. Acidic Salt Fog Exposure and Specialized Environments

The actual in-service environment is not always best simulated by

testing in neutral salt fog. At many commercial ano 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 tne

more severe environments is tnat for an aircraft carrier operating in a

tropical zone where the combinations of nigh temperatures, sulfur dioxide

emission, and salt water are extremely corrosive.

MCAIK uses a sulfur dioxide (S04) salt fog environment developed

by tne Naval Air Development Center (NAI-C) to represent acidifiec salt

environments. Test conditions are created by injecting SO, gas into a :

percent neutral salt fog cnamber for one hour each six hours. Tne salt fo

cnamber is maintained at a temperature of 950 F.

For equal thicknesses, IVO aluminum significantly outperfortis all

types of cacmium finistes in tne SO salt fog environmerL. T!Hs is

exemplified by the following test report summaries:

a. MCAIR tested Class 3, Type I, IVD aluminum coated ano Class L,
Type II, "brignt cad" plated W) I> 564 steel fasteners tor :o nours in u

L

salt fog. They reported that IVD aluminum provided better protection to the

steel fasteners (Reference 38). Test specimens are shown in Figure lb.

u. N-uL tested IVD aluminum coated and "brignt cau" platto steel

fasteners from Nav\ stocK in SO salt fog for 504 hours. They reported

tnat ILV aluminum provided better corrosion resistance keference .
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Figure 15. IVD Aluminum- and Elect rop lated-Cadmniumr-Fi ni shed Fasteners
After 58 Hours Of SO Salt Fog Exposure.

c. In anotner test (Reference 40), MCAIk compared IVU alurnir, and

vacuum cadmium on 4130 alloy steel panels exposea for 144 hours to SO~ sal t

fog. The vacuum cadmium coated panel had completely rusted well before toie

conclusion of tne test. In contrast, tne same thickness IVU aluminum coate-c

panel siiuc-ea no corrosion. The panels after 14+4 hour exposure are snlovn it,

Figure 16.

a. MCAIIR also compared Class 1 ano L, Type 11, IVD aluminum aic

Llass 1, Type 11, vacuum caam'fi uIT coated panels w it n aria v.it nou tU

supplemental topcoat of paint in SO.L salt fog exposure. Tne paint system

consisted of an epoxy primer ana two coats of polyuretnane topcoat. In this

test, IVD aluminum provided more than twice (,5b4 nours versus lbb hours) tile

protection to the low alloy steel panels toot were rot paintea. oni tne

painted vacuum cadmium coated panels, rea rust was observea leaniny frumr a

spot after 3~ahours in the acidic salt fog. No rea rust was observeu or

tne painteu IVD aluminum coated panel and the test was concluaeu jefer-enc':
41).
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4130 Steel 4130 Steel

Vacuum-Cadmium IVD Aluminum
(0.0008 in) (0.0008 in)

Figure 16. IVO Aluminum- and Vacuum-Cadmium-Finished Steel Panels
After 144 'iours of S0 2 Salt Fog Exposure.

Some companies have evaluated IVD aluminum and otner corrosion

resistant finishes under special test conditions aesignea for their specific

applications. In these specialized environments, IVD aluminum nas been found

to perform as gooo as or better than otner finisnes. Tne following test

report summaries compare tne performance of IVD aluminum ana caomium:

a. Pratt & Wnitney Aircraft conducted a program (Reference 1/) to

investigate tne performance of 16 corrosion resistant finisnes for AMSb5U4

sutors. Tnese finishes were applied to 41U steel panels ana exposea to tne

following specializea test environment:

l)(a) lo hours in neutral salt fog per ASTM ll7

( )(b) 24 hours in air at 500°F

(3)(c) lbd hours in neutral salt fog per ASTM bll

Pratt & Whitney reported that IVD aluminum was the best of tne

lb corrosion resistant finishes evaluateo for this application. Figure 17

shows panels with IVD aluminum and nicKel-cadmium at tne conclusion of tne

test.
41



Diffused Nickel-Cadmium lVO Aluminum, Type 11

77,

ix

A1.

Figure 17. IVD Aluminum- and Diffused Nickel-Cadmium-Flnlshed Alloy Steel Panels
After 336 Hours of Cyclic Neutral Salt Fog/Oven Exposure.

b . In other tests, Pratt & Whitney compare6 IVD alumfnw'r-,

nicKel-caocmlium on coth vane and shroud segments, anc on fasteners. Tne ts
specim-iens ,,ere sub-,cttc to the following ne utral salt fog/nea-L exposure

Ml(a) 166 hours in neutral salt fog per c)117oll

(2) b) O nours in air at 400'F

Testing enuea after a total of b35 flours for tne vane anon snrtcc
se(urents anu after 044 nours tor tne fasteners. Pratt & e'.itnej rejcr-Lti~
ivi aluminumr ano nic<el-caomnium provicc equal protection tu tne segirents ut
tnat nickel -caamium~ appeareu to protect tne fasteriers ette ktetference n.



c. Carter Carburetor Division of ACF Industries exposed IVD

aluminum and "bright cad" processeo alloy steel springs to a corrosive oil

environmental test for 700 hours. For this specialized environment, Carter

Carburetor reported that IVD aluminum provided better protection (Reference

33).

3. Outdoor Exposure Including Service Reports

Because of their "real-world" nature, outdoor exposure tests and

in-service reports provide some of the most important corrosion resistance

comparisons between IVD aluminum and cadmium. IVD aluminum is compared most

often to "bright cad" in these tests. Results vary depending on environment;

but, in general, an equal thickness of IVD aluminum outperforms "bright cad."

Since "bright cad" is normally the best performing cadmium process, it can ue

inferred that IVD aluminum Would have performed even better compared to other

cadmium processes. The following summaries are provided from test reports:

a. In 1968 MCAIR began a long 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 4 ). The substrate

metal was purposely exposed in a diagonal strip across each panel surface to

observe the "sacrificial" protection provided by the finishes. The panels

ware placed on the rooftop of a building adjacent to the St. Louis airport and

exposed for over 12 years.

After 6 months, it became obvious that IVD aluminum was

providing the best protection. After 4 years, the vacuum cadmium coating was

totally depleted, ana the "bright cad" plating was nearly depleted which

allowed most of the panel surface to rust. The IVu aluminum coating continued

to protect the panels as shown in Figure 18.

After lz 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 allowing the 41.U panel to

severely rust. The panels after 12 years are also shown in Figure 18.

4)



. Aluminum-Coated

'a -

SSteel tA

Vacuum Cadmium I Electroplated Cadmium

0 '

14-Year Outdoor Exposure

Steel" tm'" !" .... .

, Vacuum Cadmium ..... 74 Electroplated Cadmium

-Year Outdoor Exposur -

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 finishes applied to NAS 1203

alloy steel fasteners. The test fasteners were installed on four operational

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 "bright 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 period was for two years

and nine months. Tne four C-141 aircraft accumulated an average flight time

of 309 hours. The test again showed that IVD aluminum provided more

protection.

d. The Naval Ship System Engineering Station evaluated nine

finishes applied to fasteners and exposed to both coastal and snipDoaro

environments. Tney reported tnat iVD aluminum provided more protection to the

steel fasteners tnan "bright cad" (Reference 45).

e. In similar but unrelated tests, NADU had several corrosion

resistant finishes applied to steel panels which were also exposed to a

shipboard environment. Their test showeu that both "oright cad" ano "dull

cad" provided better protection to the steel panels tnan iVo aluminum

(Reference 40).

f. In a later test (Reference 47), NADU cowparea IVD aluminum ana
"oright cad" for two different shipboard exposures. NADC reported tnat in

tnis later test, IVD aluminum provided better protection to the steel

fasteners than "bright cad."

g. Douglas kircraft and United Airlines evaluated IVD aluminum anc

diffused nickel-caGmium on engine mounts during airline service. Tney tounu

that for this high temperature application (over 80OUF exposure), IVL aluminum

offered considerably more protection (Reference q6.
40



The following general conclusions regarding the comparative corrosion

resistance provided by equal thicKnesses of IVD aluminum and cadmium on alloy

steel substraLes are reiterated:

0 "Bright cad" performs best in neutral salt tog. IVD

aluminum also performs well in tnis environment.

o IVD aluminum outperfcrs all of the cadmium processes in

acidic environments. It also provided better protection in the specializea

environments reviewed.

o IVD aluminum outperforms the cadmium processes in most

outdoor exposure tests. IVD aluminum excels in tnose service environcients

where atmospheric pollutants form acidic conditions.

it snould also be restated that IVD aluminum can easily be appiiei

thicker wnere part tolerance permits, and that thicKer IVu aluminum coatins

provide additional corrosion resistance.

Table 14 summarizes the findings in compari n IVD aluminum ar

cadmium for the tnree most familiar test environments. It snows that lvb

aluminum easily satisfies the deiianus of a corrosion resistance finish tn

replace all canmium processes, incluuing Lhe "brint cau," "u l cad," vactuiv

cadmiui, and diffuseco nickel-caumium finisnes.

TABLE 14. COMPARATIVE CORROSION RESISTANCE PERFORMANCE.

Low-

Environment IVD Electroplated Embrittlement Vacuum N;ukel1Aluminum Cadmium Cadmium Cadmium Cadmium

Neutral Salt Good Excellent Good Good Good
Fog

SO 2 Salt Excellent Poor Poor Poor Poor
Fog

Outdoor Excellent Good Fair/Good Fair/Good Fair/Good
Exposures
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C. GALVANIC CUMPATIBILITY OF IVD ALUMINUM-COATED ALLOY STEEL FASTENERS IN

ALUMINUM ALLOY STRUCTURE

Numerous tests have been coiaucted showing tne excellent corrosion

resistance of IVD aluminum coated alloy steel substrates, including fasteners;

see preceding discussion. However, there is an equal if not more important

consideration when selecting a finish for alloy steel fasteners installea in

aluminum alloy structure. This important consideration is galvanic

compatibility of the coated fastener to the aluminum structure. 'itnout

galvanic compatibility, pitting or exfoliation corrosion often occurs in sucn

areas as the fastener countersinks. This corrosion problem is hard to cetect,

expensive to repair, ano can lead to structural failure.

The use of IVD aluminum on steel (and titanium) fasteners provides optimum

galvanic compatibility with aluminum alloy structure. This has been verified

in tests comparing the relative protection proviaen by aluminum ano

electroplatea caumium. As is normal with corrosion testing, there is some

variation anc scatter in the test data. Definite conclusions can De orawn,

nowever, comparing ootn tne protection of tne installeo fastener arc tne

crot-:ticr > forded tne aluminum alloy structure.

In tests conoucted by MCAI (Reference 38), IVD aluminum ano electroplatea

cadmium finisneu NhS b64 alloy steel fasteners were installec in anocizeo,

717b aluminum alloy blocks.

Tne fasteners were fromi the same lot, nod tne same finish thicKness, arc

tne same installation torques. Tne fastener-olock asser.iolies were tnen

exposed to either a 5 percent neutral salt fog or to an acidic, sulfur dioxiGe

(SU salt fog environment.

in tne hST ,1 ] 6117 neutral salt fog environment, the test results sho.ed

that:

o IVD aluminum protects the aluminum alloy counLersinK 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 requirements.

Figure 19 shows the fastener-block assemblies after 500 hours OT

exposure. The heads of the IVU aluminum coated fasteners are more corrodec

than the heads of the caamium plated fasteners. however, the countersinKs in

Sulfuric Acid Anodized
7178 Aluminum Specimens

, ".:Cadmium-Plated
.. . . . . - . --. .. , . . Alloy Steel

A- A, ,,, ~Fasteners

............. ......... ;; : ;; p ,,, - ; , ;...,, VD Alum inum -
Coated Alloy
Steel Fasteners

All Fasteners Installed in Bare Countersinks
Without Primer or Sealant

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

the aluminum alloy panels in which the IVD aluminum-coetea fasteners ,

installeu are not nearly as cofrocec ipitteG) as tnose countersinKs it -,,

tne caomiur plated fasteners were installed; see Figure LO. Most of tne

corrosion was down in tne countersink and very little arouno the peripherj.

Only two of tne countersinks occupied by IVD aluminum coated fasteners snov erJ

significant amounts of corrosion. All five of the countersinks OCCupied y

caomium plated fasteners were severely corroded. in this case ana most

service applications, it would be easier to replace fasteners tnan to repair

or replace stricture.

In tne SO salt fog environment establisncd Dy tne Nava i hr

Development uenter, test results snow, eO tnat:

no



100 x 100 x

6x

Countersink Occupied by Cadmium-Plated Fasteners

100 x 100 X

6x

Countersink Occupied by IVD Aiuminum-Coated Fastener

Figure 20. Aluminum Alloy Countersinks After 2,500 Hours of
Neutral Salt Fog Exposure.
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o IVD aluminum protects the aluminum alloy countersink better than

cadmium.

o IVD aluminum protects the steel fastener better than cadmium.

Figure 21 shows that the cadmium plated fasteners are more severely

corroded than the IVD aluminum coated fasteners after 168 nours. These

Sulfuric Acid Anodized
7178 Aluminum Specimens

7n- ATT 7-Cadmium-Plated
. .i7. , .o ., Alloy Steel

' j Fasteners

All Fasteners Installed in Bare Countersinks
Without Primer or Sealant

... .IVD Aluminum-
Coated Alloy
Steel Fasteners

Figure 21. Aluminum Alloy Specimens (With Aluminum-Coated/Cadmium-Plated
Fasteners Installed) After 168 Hours of S0 2 Salt Fog Exposure.

fasteners were from the same lot of cadmium plated fasteners that withstood

LbO hours in neutral salt fog. Figure LL shows substantial pittin% in an

around the peripnery of the countersinKs occupied by cadmium plated fasteners

an( only minor defects in the countersinks occupied by the IVD aluminum coated

fasteners after 1b8 hours.

In addition to testing in neutral ano SO salt fog environments, MChIR

also completed four outdoor exposure tests comparing toe corrosion resistance

of IVD aluminum and electroplateo cadmium on steel fasteners installed in

anodized, /U75 aluminum alloy olocks (keference 49). Ranoomly selected No

584 alloy steel fasteners from various lots were used in two of the tests.

NAS lU3 alloy steel fasteners were used in toe other two tests. Thicknesses

ano installation torques were equal for botii tne aluminum anG ca anium

protected fasteners.



100 x 100 x

6x

Countersink Occupied by Cadmium-Plated Fasteners

100 X 100 x

6x

Countersink Occupied by IVD Aluminum-Coated Fastener

Figure 22. Aluminum Alloy Countersinks After
168 Hours of SO 2 Salt Fog Exposure.



In addition to testing in neutral ana SOZ salt fog environments, ,NCMI

also completed four outdoor exposure tests comparing tne corrosion resistance

of IVD aluminum and electroplated cadmium on steel fasteners installea in

anodized, 7U75 aluminum alloy blocks (Reference 49). Randomly selected Ni S

584 alloy steel fasteners from various lots were used in two of the tests.

NAS Ik03 alloy steel fasteners were useu in the other two tests. Thicknesses

and installation torques were equal for both the aluminum and cacmiurn

protected fasteners.

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

tnat:

o IVD aluminum protects tue aluminum alloy countersinK netter cnan

caumiurn.

o IVD aluminum protects the steel fastener better than cadmium.

Whereas the time to failure (depletion of protective finisn) variec, tie

following failure sequence was iaentical in all four tests:

First: Corrosion staining in tne recess area of tne aluminu,:,

coated fasteners, Fiqure ?3

VD Aluminum -

Lv, Static

VO Aluminum

- rt rReuse

XeJ " NCadmium -
...... s .. Static

I7 Cadmium -

~ Reuse

Figure 23. Corrosion Stains In Recess Area of IVD Aluminum-Finished Fasteners

After 24 Months of St. Louis Outdoor Exposure.
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Secona: Depletion of the cadmium plating around the periphery of
the fastener head, Figure 14

-Peiriphery (Bare Fastener)

Countersink Area
(Cadmium Intact)

25 x

Figure 24. Cadmium Depletion on Periphery of Fastener Head.

Tnird: Depletion A~ Lne cati; plating from the peripnery of tne

head inward tow~ards the head recess area, Figure ~

CadmiumAl iru

Figure 25. Cadmium Depletion Advancing on Fastener Head.

Fourthl: Total depletion or toe caurnium platiny on tne tastener

heac, Fiyure Lo
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Electroplated IVD Aluminum
Cadmium

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

in all four tests, the only dama~e to the aluim-inum-coatec fastenercs a-tn I

tinTe tne CaGmium;T-plateG fastGener neacs oere completely corroGcc er s-7
the neaci recess. In allI cases, tne IV alumninum~ coairc ,,,as intact

critical outer peripnery of tne fastener heaol ano nad ct21-'Pleze'lj Pr-et&a::_n_

alIum inumf all11oy count ers infK. In contrast, there v.,as ccnsicerdaele C3ainaC

alum,,inum' countersinKs occupiec cy t he cacmiuri-plateoc fa'steners. -1 3

Sur~r~a~zectuetst results.

TABLE 15. IVD ALUMINUM COMPARED TO ELECTROPLATED CADMIUM ON STEEL
FASTENERS INSTALI-ED IN ALUMINUM ALLOY STRUCTURES.

Environment Relative Protection by Fastener Fin'sh

Steel Fastener_- Almiu Cutri

5% Neutral Salt Fog Cadmium Best IVD Alumninum Best
SO- Salt Fog IVD Aluminum Best IVD Aluminum Best
Industrial Outdoor IVD Aluminum Best IVO Alumnum Best



SECTION IV

EFFECT ON MECHANICAL PROPERTIES (SUBSTRATES)

A. HYDROGEN EMBRITTLEMENT/STRESS CORROSION CRACKING

Strength levels of 180,000 psi and greater are common for nigh-strengtn

steel alloys used to meet the design objectives of modern aerospace products.

The higher strength levels of these materials nave increased their

susceptibility to catastrophic failure from hydrogen embrittlement and stress

corrosion cracking.

The problems associated with hydrogen emorittlement nave existed for years

and are well-oocumentea. Hydrogen diffusion into the substrate curing

processing is the source of the problem. The use of processes that eitner

limit the quantity of free hydrogen available for diffusion into the suostrate

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

Sources of free nydrogen include cleaning or pickling operations utilizing

an acid bath ano electroplating operations. When high-strengtn steel details

are subjected to sucn sources, stringently control leca embrittlement relief

baking cycles must be relied upon to reverse or minimize the embrittietnnt

mechanism.

The IVD aluminum process is embrittlement-free. Precleaning consists of

solvent cleaning followed by mechanical cleaning witn ory aluminum driye

grit. The IVD aluminum coating is applied in a hydrogen free vacuum

environment. Therefore, there is no need for costly emorittlemerit relief

procedures nor is there the risk of catastrophic failure out to processirn.

Vacuum c dmi um is applied in a similar nyarogen-free envi ronment.

However, electroplated cadmium processes all require embrittlement relief

baKing cycles as snown in Table lb.
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TABLE 16. PROCESSES REQUIRING HYDROGEN
EMBRITTLEMENT RELIEF.

Process Typeof Free Hydrogen Embrittlement Relief
Process Available Required

IVD Aluminum Vacuum No No
Vacuum Cadmium Vacuum No No

"Bright" Cadmium Electroplate Yes Yes

Low-Embrittlement Cadmium Electroplate Yes Yes

Diffused Nickel-Cadmium Electroplate Yes Yes

In addition to the absence of hydrogen during its application, iVD

aluminum nas also been shown to resist post hydrogen embrittlemenE and stress

corrosion cracking. In comparative testing, IVD aluminum generally is equal

to or better than other metallic coatings. This testing is summarized in

Table 17. Even more important, there nave been no reported failures

attributed to post nydrogen embrittleient or stress corrosion cracKing of IVb

aluminum coateo production parts in over 1 years of field service experience.

As shown in Section Ill, the successful use of IVD aluminum on nigh

strength steel details is well establisned. Tens of tnousanos of production

parts nave been processed and put into service with no reported problems.

Numerous test reports by MCAIR and other companies continue to snow IVb

aluminum providing outstanding corrosion resistance with no embrittlem,ent

concerns and, therefore, no costs due to ermbrittlement relief. Figure Li

shows typical hign strength steel production parts coated with IVD aluminum.

They range from small, barrel-coated springs to larger, indiviuually racKed

parts like landing gear details and rocket motor cases.

b. FTi1 UE

Aluminum coatings applied by the IVD process have no detrimuntal effect on

fatigue or other substrate mecnanical properties. Tnt coating nas a tightly

Knit columnar structure ana s soft ano ductile with properties virtualiy

identical to those of pure aluriinun,; see Section ii(u). Mlso, tne oeposiltea

aluminum coating forms a mechanical bond rather than an internetallic bona

wnicn can reduce fatigue properties. Lastly, there are no discernable

botcn-to-oatcn variations in the properties of the IVD aluminurn coatinL siice
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TABLE 17. SUMMARY OF HYDROGEN EMBRITTLEMFNT AND STRESS CORROSION
CRACKING TESTS ON HIGH-STRENGTH STEEL DETAILS.

test HetEnviron- Conversion Embrittlement No of Tested,
Nm Spcmn Treat Load CaigT.m to Tete References
Nam Secme ment Cai Coated Relieve Specimens Falr By

il.5i-Strengtii 4340 250- 280 90., ultiniole Roa- VS Al Oes No 2 30 B'i B i O

Stee, Coatiq Stress Ring Tensile Strengthi Foiio~ea by : No Fai.me. 1973
Systems OUTSi 5%, lieutal 9,

Saa L 1, Cac Yes Nio 3 30 Bass

Coinaum 00O 3 0M 2800-300 60%. N0100 A,ivi'aie VD0 A, imS1. 3 '5 6, 'A c2.o~e
400: Vac 040 NolcO Teossle Ttnse Svengin lm meS-i IVS A. No No 322 ,Ir A,-jq'
nign-stmil NTS, so; VicCato Yes N 0 3 23
Steel AiOjusted Bain 3 t

F4c! of 30m 233' - 300 '5, NTS Roo.n YB A: 1es Yi 6 0
VD Al on N, F r- 1it

8Eon,0Ieiieit 43309 220 -240 VC0 A, o 0

S H, 'nStreq,:n
Seel 38BV4 200 -300 14 A

43300 220 -140 Ic0044 %0 O0

98BV40 290-SN

Notcn Tnis,,e

'a 00 Norcn T isY .01I
988V0 %,nase V 3C ,'

Booc~~ miciin ,I

6afe

Etecl )t 4 346M. 20 0 - 280 -5' NTS ;Qgi o A: ,
'sD 0i Notn T-ie

m~oeA "D 01M ?80 30 5' NTS -
t

S .-N--c

4, 

7

iiiaii5 0001 -ocr C s In0-

A4
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High-Strength Steel Springs
(320 Ksi)

High-Strength Steel
Missle Cases

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

tne milji tary s pec if icat ion , MI L-G -b3488, requ ires tnhat t he comipos it ion of booh

the I Iuu all oy alIumai nurn wi re evaporant ano tile as -aepos i tec coati ii Lv j

miinimun of 'J~ percent pure aluminumi. An examiination o- tne wire anu cca'liri,

using an energy dispersion x-ray teonnique snowea only tue elemient alu,;inw,

(Rttertnce bw). A samnpling of the testing conaucteci to verify tflai. thtz! IVL

alumrinum pruc-ess ras no auiverse effcct un f-Atigue properties is preseritcu in

T dD Ie '16.



TABLE 18. EFFECT OF IVD ALUMINUM COATING ON SUBSTRATE
FATIGUE PROPtRTIES.

Company Substrate Fatigue Effect on Fatigue'Test

Pratt & Whitney 8-1-1 -Titanium High Cycle None
(Reference 27 and 36) 6-4-Titanium High Cycle None

410 Steel Peak Strain Slight- Same as Nickel-Cadmium

Westinghouse A276 Steel 20 KHz None
(Reference 28) A276 Steel 20 KHz

403 Stainless Steel 20 KHz
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 sort,

ductile finish and have Iittle or no effect on fatigue properties. Figure zt

snows fatigue data for IVD aluminum ana electreplaLcd caamium on alloy steel

7,200

4,800

High Aluminum Coated
Tensile
Load

(I b)

2,400 -

Cadmium Plated

0 1; 1 f fI t
103  104 105 106 107

Note Cycles to Failure
1 Twelve NAS 1954 alloy steel fasteners were used
2 The test method was MIL-STD-1312, test no 11

Figure 28. Tension Fatigue Test of IVD Aluminum- and Cadmium-Finished Fasteners.
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fasteners from tests conducted by M('A i k (Reference 66). Simi lar data is

presentea in Table l from tests conducted by SPS Technologies (Reference

3 ) In a third comparison, Table 20 shows IVD aluminum ano aitfusea nickel

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

Bolt Descriptiona3 Cycles to Failure'

and Test Loads Bare Z VDI Cadum

MS21 250-04-018 Per MIL-B-8831 135.400 173.000 I 83.000

Alloy Steel 102.000 109.400 1114000

(Maximum Load - 3.210 lb. 72.200 107,700 1 25.Ou0

Minimum Load -321 1b) 118.800 90.400 128,000

178.600 102,100 123.000

Average 121,500 116,520 114.600

a NAS 1271 -16 alloy sieem laS1eers
o Test metiuc - MIL STD-'312 IPm 'I0 I - rQ ' LU0, ~'

cadmiuml (aimoung 25 finishes tested) ranked first arid second, respectively, for

nadving tile least effect on fatigue properties of alloy steel turuirie ulaces.

Table ZU was taken trom a 1.4eszinyhouse Electric report (keterence L8).

TABLE 20. EFFECT ON FATIGUE PROPERTIES OF ALLOY STEEL STEAM TURBINE BLADES.

Rankin From Ranking From the TRankng rom 20 kHz Fatigue Test Combined Rank
Coating System the Salt-Spray (Decreasing Endurance (Equal Weight)

Test Values)

Aluminum. Wire Gun 18 16 19

Aluminum. Pack Cementation 7 8 6

Aluminum-Nickel. Pack Cementation 5 3 3

Aluminum, Ion-Vapor-Deposition 1 1 1

Zinc-Silicate Binder (inorganic Zinc Painti 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 1t

Chromium, Diffusion (Chromizingl 12 13 14

Zirconium. Physical Vapor Deposition .9 14 18

Nickeli-Chromium, Conventional Plasma Spray 17 9 15

Chromium Boride. Pack Cementation 14 17 17

Iron-Chromium Boride. Pack Cementation 15 12 16

Silicon Diamine 11 4 5

PTFE Powder 6 5 4

Nickel. Chemical Vapor Deposition 8 10 7

Suifamate- Nickel Electroplate t0 14 13
(Thin Coating)

Sulfamate -Nickel, Eiectroplale 9 1 1 8
i Thic.- Coalongi _______
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In summary, testing has verified tnat IVD aluminum coatings have no effect

on the fatigue or other mechanical properties of tne base metal. In aaoition,

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 IUSTALLATiON CHARACTEkISTILS

A. TORQUE-IENSION

Aluminum has a higher coefficient of friction than cadmium. Therefore, a

higner torque is requirea to install aluminum coated fasteners to a given

tension preloaa than 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, caamium, and aiffusea nicKel-c.GfiL.,

finished fasteners witn and witnout tne use of supplemental luuricants.

Figure _9 sn.ows the results of a torque-tension test conauctee uy SrS

Tecnnologies (Reference 3L). The torque on the alloy-steel Ioc~nuts is shou'mn

versus the average inoucea tension load on the H-ll bolts used in tne tests.

7,000 Bolt and Nut With ID

and Cetyl Alcohol Bolt With Cadmium
and Nut With Cadmium

6,000 - Bolt With IVD

and Nut Witn Cadmium

5,000 -

Average 4,000 - 0
Induced Bolt and Nut

Load With IVO

( ,b) 3 ,0 0 0 - -

2,000

H-11 EBW 22-4-22 Fasteners With
1,000 Alloy-Steel FN22 Locknuts

0 , 0
100 200 300 400 500 600 700

Torque (in.-Ib)

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 d0

percent more torque was needed to produce a OOO-pound tension load than when

both were caamium-plated. Using a caomium-plated nut with the IVD

aluminum-coated bolt reduced the difference to approximatel 15 percent. When

the IVD-coated nuts and bolts were lubricated witn cetyl alcohol, the torque

for a given induced tension load was actually 70 percent less than if the nut
and bolt were cadmium-plated. In this test, therefore, the effect of the

lower lubricity of the IVD aluminum coating was more than offset Dy the

addition of a lubricant.

MCAIR compiled data from two series of torque-tension tests (Reference b3)

conauctea curing formal qualification of IVD aluminum as an acceptacle

alternative to cadmium. In the first series of tests, tne initial torque

required to develop a i2OO-pound tension load in 3/16 inch diameter

nonluDricated, IVD aluminum-coateo or cadmium-plated bolts was measured for

various nut configurations. Tie relative torque differences, based on an

average of b tests for each condition, are as follows:

o An 6 percent nigher torque was required using IVj aluminum versus

cadmium when the torque was applied to cadmium plated, nonlocKina,

nonlubricatea nuts.

o An 8 percent higner torque was required using IVD aluminun versis

cadmium when the torque was applied to cadmium plated, cry-film-luuricatec,

self-locking nuts.

o The sawe turque was requireu using IVo aurrinum- an cadi ifl-T iJSnJ

bolts when the torque was applied to the bolts with caariiium-plated,

ury-filw,-lubricatea, self-locKing nuts.

o 3 bo percent niner torque was required using IKJ aluminum verss

caurmium wneq the torque was applied to tnt bolts wi Un cauium-plc ec,

(Iry-fi lm-lAbricatec, seIf-l1cKing gang channel nuts.
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In tne second series of tests, tne initial torque required to induce a

specific tension load in 3/lb-inch diameter, IVD aluminum-coated or

cadmium-platea bolts was measured. Some of the bolts were lubricated ano the

torque was applied to cadmium-plated, dry-film-lubricate, self-locking nuts.

The test results are as follows:

o A 10 percent higher torque was required using iVD aluminum versus

cadmium to attain a 560 pound loaa in a nonlubricatea bolt.

o An 8 percent higher torque was requirea using IVD aluminum versus

cadmium to attain a 560-pound loaa in a lubricatea bolt.

o Tne torques required usinig IVD aluminum and cadmium finisnes v ere

approximately tne same to attain a 2000-pound loaa in a lubricated bolt.

boeing conducted torque-tension tests comparing IVD aluminum ano aiffuseu

nicKel-cadmium on nonlubricated H-ll steel bolts (Reference J7). Figures JU

9,000 A Average of Twelve Tests
- High and Low Data Points j

8,000Washer on Anodized and
8,000 -Primed Surface

700 50 ' Tensile Strenth = 7,050 lb

,000 Strenth 4.653 lb

Tension

(Ib) 4,000

3,000

2,000

1,000 /olts

0 . I I . I I I I I
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 tne torque-ten- ion curves proaucea using the I VD alIum ir rn S n

were nearly identical to those produced using aiffuseG nickel-coonmiuri.

9,000
-f-Average of Twelve Tests
-High and Low Data Points

8,000 -Washer on Anodized and
8,000Primed Surface

700 50% Tensile Strength = 7,050 lb

7,000

6,000 33Tesl

5,000 Strength = 4,653 lb
Tension

(b4,000

3,000

2,000H-1 

Bot
1,000

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

Figure 31. Torque-Tension Relationship Using Diffured
Nickel-Cadmium-Finished Fasteners.
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J i f T j ri1 Ke~i-c acmirn om n ILor i CatLed n-il pin anG co)llar typ[e ~s
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TABLE 21. TORQUE-TENSION VALUES USING IVD
ALUMINUM- AND DIFFUSED NICKEL-
CADMIUM-FINISHED FASTENERS.

Diffused
LVD +-Cetyl Ni-Cd _ Cetyl

HL117-8-16 Pins HL117-8-16 Pins
Sample With HL70 Collars With HL70 Collars

No. I
Torque-Off Preload Torque-Off Preload

(in.-Ib) (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 69.6 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 IVD
ALUMINUM- AND DIFFUSED NICKEL-
CADMIUM-FINISHED FASTENERS.

IVD - Cetyl Diff used

HL117-8-16 Pins Ni-Cd- Cetyl
Sample With HL86 Collars HL117-8-16 Pins

No. With HL86 Collars

Torque-Off Preload Torque-Off Preluao
(in.-lb) (Ib) (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 4.200

Mean 120.4 3645 1178 4065

Standard Deviatfon 1 8 180 4 8 242

Required 115-130 2,600 115-130 2.600

-! ,-. -- - -
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In the Pratt & Whitney tests, coating thickness is the probacle cause for

the considerably higher torque required using IVD aluminum. Mlost fasteners

threads are designed to accept 0.000-0.0005 inches of coating. Tnis is tne

normal Class 3 thickness range for IVO aluminum finished fasteners. rowever,

Pratt & Whitney reported the test fasteners were finisheu with Ulass .

(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 23 should be used only as a rough guiae as to what might be

expected. It is clear from the uata reviewea, however, tnat toe nigner

TABLE 23. TORQUE- tENSION 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 Nut IVD Coated -'-60%5 No Change
With No Lubrication

Locknut - dolt and Nut IVD Coated -70%
and Lubricated
Locknut- IVD Coated Bolt With -15%
Cadmium Plated Nut and No
Lubrication

Locknut- IVD Coated Bolt With _9%
Cadmium Plated and Lubricated Nut

Locknut- Lubricated, IVD Coated - 4%
Bolt With Cadmium Plated and
Lubricated Nut

Locknut - Lubricated IVD Coated 400
Bolt With Cadmium Plated and
Lubricated Locknut

Non-Locking Nut- IVD Coated Bolt 80,
With Cadmium Plated Nut and No
Lubrication

Bolt - Bolt and Nut IVD Coated With 14000
No Lubrication
Bolt - IVD Coated Bolt With Cadmium 1810

Plated and Lubricated Locknut

Collar - Pin and Collar IVD Coated 4Ju CIa1 ge
and Lubricated
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coefficient of friction of IVD aluminum increases the torque requireG Tor a

given preloaa; it is also clear that lubrication 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 tnat sucn a

c;iangeover can be accomplished for most applications. Some of these

operations have Deen ongoing for the past 12 years. For tne most part, tney

nave been accomplished witn no more than the use of a lunricant ana witnout

significant changes to installation procedures, tools, or hole sizes.

4lthough IVD aluminum has been successfully used on millions of aerospace

fasteners, torque-tension relationsnips are a legitimate concern for some

applications. MKAIR has proposed a researcn ana development procrar,

describea in Section XII(C), to demonstrate tnat acceptaule results can Ce

oDtainea with the selection of a proper lubricant.

6. REJSE TESThib

Service coors and panels on aircraft are usually secured itn remcrvarle

type fasteners ana locKnuts. The fastening system is requirej to meet reuse

stanuarus to accoii&Hodate periodic door or panel removal and reinstallain.

t-cceptability limits are set in accordance witn wnL--iCl tSLauiisnms

maximum locking and minimum breaKaway torques over a numDer of installaLicn

cycles. This section presents data ueneratea by ViLhlR ar-a SPS Tecnnolo-.ls on

tne reuse cnaracceristics ot IVD aluminum au electroplated cac;iur tiniwl&.

fastening systems.

SPS ran a lb cvw reuse test on 1/4 incn aia:eter fasta'ees

, eference 3L). Ea ie involved tigntening a nut onto a uolt wi n IW

incn-pounas of torque, then removing the nut. ,ei ner tne n.: no r -, er

weie lubricateu. MIL-N-6mOL7 estaDlisnes a maximum locKi r turqLe cf 

iicn-pouncs and a minimum DredKaway torque u t . i Ic- .. i. cr.ii -tn

lurication, initial locking torques for otn a]uminu:i,- ar, C ccc ,:-t

norG,.are were over the iiiaximu;. Table L4 snows t[at tri t V aL 1 r;:ir.; :-CV
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TABLE 24. REUSE TEST RESULTS COMPARING IVD ALUMINUM- AND
CADMIUM-FINISHED FASTENERS.

Averae Torque lin -10)

Finish Cycle I Cycie 3 Cycle 6 _ Cycle 9Cycle 12 Cy'cle 15

Manimumq Minimum Manmum Minimum --Max -imum Mii-F'anmm Minimum Maxi -mum - Min -imum Mamm Mimu

ul amnr Locking Bekaway Locking Brealkaway Locking Breakaway1  Locking Breakaway Locking Breakaway Locking Brealkaway

Designlk s %l -__F~ - VS2!2t 043 D'S

Caoumr VD l 60 10 46 42 30 34 26 -z

,0 D 56 52 28 76 21 ~
CAmm C~nu : 3uminum Au'mlm 3 74 2-IK .O~u __riu 8 31 6 % 2 . 2

nut-ano-bolt combinations h ao higner torque values for the inri t ial

installation cycle Utan the cadmium-plated nut-ana-b. olt comoinatiols; torque

values were much closer for subsequent cycles. Figure I) snows that. as tlne

number of installation cycles increases, tne drop-off in max imum lockin

torque using IVO aluminum-coated fastening systeFis is Simi lar to tile GrGP-Oft:

using cadmium plating.

80

72

64

56 -

Maximum 48
Locking
Torque 40

(in.-Ib) 32
0 Alloy Steel With Cadmium

24 0 0

160 Alloy Steel WithIV

8

03 6 9 12 15 18

Cycle

Figure 32. Reuse Relationships for IVO Aluminum- and Cadmium-Finished Fasteners.



MCAIR also conducted a 15-cycle reuse test during formal qualitication of

IVD aluminum as an acceptaole alternative to cadmium (Reference o3 ). The

reuse test compared 1/4-inch diameter IVD aluminum-coated and caumium-plated

alloy steel bolts installed into caamium-plated alloy steel gang channels and

locknuts. The locknuts were lubricated with molybdenum disulfide and attacn=o

to typical aircraft substructure to simulate removaule door installations.

MCAiR tested an IVD aluminum-coatea bolt ana a caumium-plated nut combination

oecause aluminum on tne bolts provides better corrosicn resistance:, especially

for moldline applications, and better compatibility to the aircraft structure;

see discussion in Section III(C). The caomium-plateo locKnuts are ot little

concern from a corrosion or compatibility standpoint. Since canriuiv-platea

fasteners used on the aircraft were painted with fluid resistant (FP.) primer

on toe fastener heads and shanks for additional corrosion protection,

similarly finished fasteners were used iii tne tests. The iLW aluminum-coatec

fasteners were not painted. Eaco cycle involved installing the fastener into

toe nut, torquing the fastenor to 50 inch-pounos, and removing the fastener.

ibout nalf the fasteners were installed using hand torque wrenches, ann toe

remaining fasteners were installed with controllea-torque power screwGrivers.

Figure a3 shuws that notn finishes ,.ere within toe limnits of 'lL-;.-aau7.

by using lucricants, reuse cnaracteristics can be improved, ar toe eftect

caused by differences in tinisnes can be ninimized. This is aemonstrateci oy

comparing toe initial locking torques in the SPS test in wNl1 ,no luuiiaots

were used to tnose in the -CLR test in which the locknuts were lubricated.

For example, the first installation cycle in tne aPS test for toe coi;inictiun

of aljminu-coateu fasteners ann caumium-plateo locknuts requireJ a ocinn
torque ot '. ' ncn-pounds versus WJ incti-poun s in toe I;Mi,\ test.

military specification maximum is aU inch-pounos. Tnis 1m1t was alsu

exceuue it toe irS test ny the cajiun;; - caoniuim contoinatiori i,4L -prns,

itnot a lubricant.

Table b sur'mar'izes reuse cnaracteristJcs of fastenin syster-s .iLnf

ifferent tiniso cominations ccmpTreu to the limits estao.l i s e in

:'Ii L-;,-amSC47. Reuse cnaracteristies of IVb al umi num-coatec uo ts .1 to
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32

Maximum Locking Torque

24
Cadmium-Plated, FR Primed Bolts

Installation
Locking
Torque 16 - - -- --

(in.-lb) IVD Aluminum-Coated Bolts

8

0 'I

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

Nut: 3M143A4-2 plate nuts or 3M1 50N4-8-10 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.-lb each cycle.
5. Data shown is average of 20 tests.

32

24

Removable-Coated 
Bolts

Breakaway
Torque 16

(in.-Ib) - -a-m-m-l-ted-F- - meCdium-Plte, FRPime Bolts

8

Minimum Breakaway Torque

00! I I
0 3 6 9 12 15

Installation Cycle

Notes :1 Fastener NAS584-8 flush head bolt, alloy steel, IVD aluminum, or
3MFR5f4 3 flush head bolt, alloy steel, cadmium plated, FR primed.

Nut 3Mt43A4-2 plate nuts or 3M1 5ON4-8-10 gang channel.
2 Minimum breakaway torque per MIL-N-250L/ tor 1/4 in diameter fasteners.
3. Torque applied to f, if,e by hand torque wrench or power screwdriver.
4 Fastener tightened to 50 in.-lb each cycle
5 Data shown is averag' . 36 to 40 tests.

Figure 33. Fifteen Cycle Reuse Test Comparing IVD Aluminum-
anu Cadmium-Finished Fasteners.



TABLE 25. REUSE CHARACTERISTICS COMPARED TO SPECIFICATION LIMITS.

Fastening System Reuse Characteristics

Finisfl 1st Cycle 15th Cycle
Combination Lubrication -Locking Breakaway Locking Breakaway

(Nut-Bolt) Torque Torque Torque Torque

Cd-Cd No + +

Cd-AJ No +

Al-Al No. + -p

Cd-Cd Yes
Cd-Al Yes . _ __-

Key:
+ - Exceeded MIL-N-25027E limits

- 'Within MIL.N-25027E limits
- Within linits Cn 2,:3 samples

luciricated lOCKnutS fail within the limits. The program~ prcpusel ) T

broaden the data base for acceptaDie luiDricants relevant totcqeenm

cnaracteristics, discussed i n Section XII(G), vhi I also provice .ser

inforniation aoout reuse chiaracteristics.



SECTIUN V!

COATIIN VERSATILITY

A. ALUMINUM ALLUY SUBSTRATES

IVO aluminum coatings are easily applied to all metallic substrates

including aluminum alloys. Electroplated cadmium, on the other nand, can not

be applied directly to aluminum alloy substrates with acceptaole adhesion.

MCAIR began applying IVD aluminum coatings to aluminum alloy production parts

in 1976. Initially, IVD coatings replaced a.iouize coatings on fatigue

critical a!"'minum structure. in icre recent applications, tne repliac-

electroplated tin on aluminum alloy components requiring a conductive patn as

well as corrosion resistance. Tne pure IVO aluminum coating is ideally

compatible witn aluminum alloy stru.Lure. It is less nole than the -als

and therefore provides sacrificial corrosion resistance. Currently, more trian

800 aluminum alloy parts are coated on three NuAIR production aircraft. 1 n

all applications, the IVD coating nas improved performance ana reauceG eitner

processing costs or life cycle costs, or both. Of the thousands of aircratt

parts coateo anu more than a decade of in-service aircraft exposure, no

proolems have been reported.

1. Fatigue Critical

The soft ouctile IVL aluminui, is usec on fatigue critical alwmi,,

alloy structure; it proviues excellent sacrificial corrosion resistance _

does not reduce fatigue properties. Hard, orittle finishes, however, can

affect tne mechanical properties of tpe base KIeta . MiCAi tests Qeterec.

60) showed fatigue reductions of 30 percent or more with the use ot anocize _n

a 4uL4-IQW aluminum alloy tesL speci;;el Fi'jure >). U11 existing structure,,

the use of IVO a, uinum can extend fatigue life anu eliminate tne netc f

fatigue ennarcement, such as shot peening, and Lnereuy rtcuce costs. Fur .

designs, the ni gher fatigue properties ach ieved tioroughl tile use Ot i

aluminum il 1uow for a less L 7y structure; tnis Sves ,,.eint. In auditioh,



Surace Typ of Fatigue Average
Surac Tpeof Life Fatigue

Finsh Fasenr (r) (h r) 2024-T851 Aluminum

Bare Traper-Loks 59,544 61,300
_________ 63,129 _ __

Anodize Taper-Loks 29,704 30,400 3/'16 in. Diameter Holes
______31,126 0 0 0 0 0 0 0

Peen and Taper-Loks 45,700 44,500 0. 15 in. Thick
Anodize -43,700 ____ Note:
IVD Taper-Loks 59,129 59,100 Specimens tested to spectrum developed from
Peen and Taper-Lok3 40,225 66,20 flight test strain gage data with 6g symmetric
IVD 61,129 fatigue stress = 24.3 ksi gross section.

97,205 -GP83-0398-7 
-

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

IVD alurf-inumr iiuproves the resistance to stress corrosion CraCKino.

higfl-strengtn, alumi numn alloy structural parts coated withl lvi auIL: r

snown in Figures ID ano 3t6.

Figue 3.. F~ Alminm-Coted atige-Citica Aluminum Allovingeskn

Corso Rssac



Figre 6. -18IVDAluinm-Cate Faigu-Crticl lumnumAlly Blkhad

h~c~ric4w -AV','

cFacigur pat. FI18 l Aum isun Cae Faigue Crnitic Amnuman solo inuskhead.

f ~irel stno, win Fir :S / requireU Co a converstion oat inn;s elctri t

prpeiesl aree aicoussoent in e sect o ie mak). ing alt~nm, irs~~teac

,,n(Iu i z i r,, on the fit'<,ngs provices corrosion r e s ist ance 3 n a r i rnIie r t:n

e 1,ect ri ca Ionoi across thie joint i nterf act. Tnue weignt penalty is, el1imiriaten,

arcj stbs ta rti a I costs ar sa v ed buy e Iu f n nat i n ite i aL)o r -rmr i n O 5, ii t e p

in1tairoIL t ie ba(innji rg s traP ~F i (u re i ).



IVD Aluminum Provides
Corrosion Resistance

* Inherent Electrical Bond
* Compatibility with Fuel
* Cost Effectiveness

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

Anodized Fitting
Bonding Jumper Required for

Electrical Bond

tt> %< . 4 .. . . . ... .

' 4 '- ... .

IVD Aluminum-Coated 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 alloy components to

provide a low-resistance, conductive path at the interf.ace with otner

components for electromagnetic interference compatioility EUYK). however, it

is difficult to achieve good adhesion of the tin to the alut;;irun alloy. Also,

tests have shown that the tin provides relatively poor protection of the

substrate in a corrosive envircment (References b7 and b8); corrosion causes

the electrical resistance to increase. IVD aluminum offers far superior

corrosion resistance. The aluminum coating is sacrificial rco tne sunstrate,

whereas tin is more noble. Tables 26 ano 27 show that IVb aL_ minum-rote

details have a much Iover jcint resistance after exposure to corrosive

environments than tin-platen details. In this application, IV 7Ilum irm

offers nigher performance, reouced processing proolems, ano 1ower maintenance

costs.

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

Joint Electrical Resistance
I(milliohrns)

Test Condition I -
Electroplated IVD

Tin .4luminum

Typical Resistance Less Than 1 Less Than 1
Before Exposure

Resistance After 2 Years 800 22

Resistance Aftcr3 Years 1

Resistance After 4 Years 2

Resistance After 5 Year! 2

Key

'Too coroded to test

-Y7



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

EMIC Assemblies

Specimen Resistance Measurements (milliohms)
Number Interfacing Resistance Before Resistance After

__________________ Coatings 11 Exposure Exposure

A-i (1) Alclad to 0.12 - 0.13 0.35
A-i (2) Alcad 2.82 - 2.85
A-2 (1) Tin to 0.07 - 0.09 195,000 - 19o,660
A-2 (2) Alclad 520 - 540

A-3 (1) IVD Al to 0.45 - 0.78 0.82 - 0.84
A-3 (2) Alclad 0.22 - 0.54 6.10 - 6.13

B-i (1) Tin to 0.22 - 0.62 2.0 - 2.1
B-1 (2) IVOD Al 199.000 - 200.000
B-2 (1) IVO Al t o 0.25 - 1.3 0.32
B-2 (2) IVD Al 4.9

B-3 (1) Tin to 0.03 - 0.05 200.000
B-3 (2) 1Tin

Figure 39 snows ar aluminum alloy casting coatea *4itn Yw I.iqm

wasneo along areas required to be electrically conoccive for E0. 1h

olack-ornucizea to meez coc~piu color requirelnts. vhereas iQ.. a.innu 1

not normalIly anoo izea, i t can be wneni app 1i ea to a I widnum a] ky s~ostra Z~s .

Tnit application snows tne versatil ity of cue KJcotig

0. zecvrical &Cnnectors

- .~i;1ir;Hnas a 015LVB a: vanLae Y JI&2 &Y

P C cunnectors. 5j ;eat .3Ci1ofl rcqhr±ns .o;" - it .A.

QuprUr QGKO! n~rke. .ic~el :iaz'g1 is 10..v.

Lt: %.r atur a4icatiors. 10 lumira canW replace boni twio Gca1~j plai

c ik u cm y i e ar n q nr 11 rr..i Ln'

~ ~rL



IVD Aluminum
Electrically

Conductive Path

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

AIL-C-J8999 to be increased to 1,000 hlours (Figure 40). Tne connectors sno -ri

in Figure 40 were also mated and unmated 150 times per i--S59 -- to times

eacni before exposure, after 500 hours of exposure, ano after 1,060 nours Dr

exposure. Nickel plated connectors cannot normalIly be unrn ated oC" LA

corrosion after 500 hours of exposure.

B. TITt NiU~i SUI&STkIATES

IVD aluminum coatings are easily applied to titanium alloy substrates.
They are most often used to provide galvanic compat~iiity ,%itn alumiiin alloy

structure and/or provide improved electrical conductivity. MIL- TD-1bou
pronibits tne use of caoimium, either on or in direct contactL oitfl Litaniow

because ..f the possibility of solid mnetal embritt~e;ient.

/- n example of tne use of IVD aluminum fur galvanic compatibility is onl
titaniumn fastpners. Whereas the fasteners c!o niot corroue, tnity art

galvanically irore noble tnan the alumiinum al loy structure in vwnicti tnty Lire
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IVO Aluminum Cadmium

-J,,

No Substrate Severe Substrate
Pitting Pitting

Figure 40. IVD Aluminum- and Cadmiumn-Finishiod Connectors After
1 ,000 Hours of Neutral Salt Fog Exposure.

insta IlIed. Consequently in a corrosive environment, a galvanic cell Vil 1 7rn

between Jo- aluminui a-1l y structure aria bare titanium fastener. Structural

pitting or corrosion of tne alumiinum will result. TnesL som1e fasteners we

coateu with IVD aluminum are galvanically conmpatible witn tne uIrmaU

structure. Sometimes paint anti sealant are useti on bare titani,,!i fasteners lo

form a "tiarrier" iDetween tne two dissimilar metals. hovoever, as ceimonstro tec
in tests concucteo by MCAIk (References 71 andi 72), the "barrier" coating-s
wvere not as effective as IVD aluminuri in protecting tne aluniu r src'

Figure 41 snows botn 1VD aluminum-coated arid sealant-coated wet-install&3c;
titanium fasteners in a 7U75-T6 alumninum alloy block. The f:astencr amnu loc'k
assembly was painted, tnen installed in a corrosive SU' s;;lit f on
env ironment . mf ter --o a ays o f exposure, tnie alloy a lui n um' oIc cK Na s
sectioned at tCne countersinKs. Tne photomicrographs in Figure 4L provioe a
comparison of tne protection given to tne countersinks ana shiows tne ouviuo'_s
superiority of iVD aluminum.

;k.-otntr advantage of IVu aluminum coatings colipared to "biarrier-" tyke
coatings on titanium fasteners is tnat tne aluinlum Coating is eltLICaIlj
conuuctive. In contrast, tne barnier cnotings formn an clectrical insLlatur.
Some users of IVD aluminum on titaniUM fasteners rtquire a conmouctive coutinr

to help uisperse lightning striKes.



Wet-Installed Titanium Fasteners

IVD Aluminum-Coated Titanium Fasteners

0 1 2 3

inches

Figure 41. Test Pannels After 28 Days of SO 2 Salt Fog Exposure.

81



Panel 1, Countersink 2
W et-Installed Titanium Fastener ...-. .. Q w

(Paint Seal Broken)

Panel 2, Countersink 4

VAWet-installed Titanium Fastener

Fur42.an elP of tesne Countersersinks.
IVD Aluminum-Coated Titanium Fastener -2- (Paint Seal Broken)

, ~ ~ ~~Panel 2, Countersink 4 ' ' y ' J ': L! I .

. IVID Aluminum-Coated Titanium Fastener

Figure 42. Photomicrographs of Test Panel Countersinks.
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As mentioned , cadmi um is not normall1Y used on or in contact wi th t itdni U1i

be~caus;e of the possibilIity of solIid met al embriLtIlement . Figure 4o: shows a

fractured Ti-bAl-4V t itani um alloy surface after exposure to c a i im a t

300'F. doeing compared IVD aluminum and cadmiu, in an environment concucive

to tne occurrence of solid metal emorittlement. In this test- (Reference .)7),

four IVD aluminum-coateo and four cadmium-plated fasteners were installed in

aluminum alloy panels orilled to provirc, a 0.001 - 0.003-inch interf~erence

fit. The :'astcners were then stressed up to 80 percent of their ultimnate oo~

wh ilIe the panels were exposed to ele~ateo temperatures. All ct tne

cadmium-plated fasteners failed. None of the IVD aluminum-coated f aste!n.rs

failed at exposure temperatures up to b!)0 r.

1m s -,

-NA

Sepaate-Gran FcetsandTrangraula

Clevag Faetson he urtzeat Frctue i Tianin Alo

TI-61-VTa a xoe oSli amu t19 3 )

Figre43 Cdmum-ndce Ebrt~ C ,e aiue
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C. NONMETALLIC SUBSTRATES

Nonmetallic materials such as ceramics, thermoplastics, rlu composites can

be IVO aluminum coated. These materials are used extensively in mocern

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 grounoing or

EMIC. IVD aluminum can provide tile electrical continuity required for sucn

applications.

-'Iocifications are requirea to the IVD aluminum process wnen coatin.:

nonmetallic substrates. Tnese modifications are necessary because

nonmetallics are generally more temperature sensitive, t.ey prouce

outgassing products in the vacuum chamiiers, anu/or tnir noncenductive ncXr

affects tile glow discharge cleaning operation. Processing moaifications co

apply IVU aluminum to nonmetallic substrates nave been successf - n:ys

d tiion s t rateo.

Temperature sensitive nonmetallic substrates can be alternately coateC -col

cooled vitn gaseous nitrogen while in the vacuum chamber. A 1 iVD alucilnuf;

coaters have tnis cooling capability. An IV[D aluminum coating ot any aesir&;

tnickness can be obtained by simply repeating tnis alternating coacin; ,

cooling procedure. The coating perfor.s equally well whether produceJ in a

single coating cycle or from multiple coating ana cooling cycles.

uutgassing from nonmetallic suDstr d es is controlle in several .ys. Tie

coater's pumping system is sufficient to h-andle most gas loaos. however, if a

substrate produces a large outgassing loac, it can be bakec prior LO aci.

Ilso, by limiting the substrate's temperature during coatin , toe gas loaa te

tne pumping systeii is reduced. Step- shou Id always be taKen co preven

excessive jutgassing wnich can adversely affect coatin,-to-substrate .dr;esi n.
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With nonmetallic parts, normal glow discharge cleaniny does not take

place. To circumvent this problem, the glow discharge can be eliminated and

the aluminum coating applied by physical vapor deposition (PVD). PVD

processing produces an acceptable coating, but adhesion of the coating is

normally not as good as iL would be with IVD. An alternate approach is to

place a metallic screen behind the nonmetallic part. The metallic screen is

tnen maintained at high voltage, so that the part is within a glow aiscnarga-

(Reference 73).

Nonmetallic parts are normally solvent-cleanea and lightly grit-blashed

.ccfre coating. If desired, the part can De lightly glass-ueao-peeneo for al

aunesion verification after coating. The adhesion c' !VD aluminum oni

nonmetallic parts is generally acceptable, 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 radar wave guide formed by two pieces of ceramic

iateri al adhesively bonded together. Thousands of these fragile, ceramic

elements nave been processed to produce a conductive surface witnout tnerta]

degradation of the adnesive bond. In a different application, selected areas

of quartz lenses were successfully coated with IVD aluminum tu proouoc a

retlective surface.

MCAIR has deronstrated that 1VD aluminum can be applied to plastic

enclosures (Reference zl). A 6-mil coating was deposited without damaging the

temperature sensitive plastic material (Figure 44). An IVD copper coating was

also deposited onto a plastic enclosure. it providea an electrically

conductive basecoat for subsequent electroplating.

IVD aluminum coatings have also been deposited 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 Trgile anu

can be broken if the voltage on the part is too high during glov. Uischarge

cleaning or during coating. Nevertheless, acceptable coating adnesion rla

been obtained on a repeatable basis.
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V0

Figure 44. IVD Aluminum-Coated Plastic Enclosure.

In suiirmary, mnany nunmreLallic materials nave been successfully coatea wi tn
li14 alujilnumi. Processing proceoures require inocification, but gcOu cOaLifly

acihlesion can be obtained with no substrate degradation.

L. NEUjLY,,IiUM-IRON-bOkuN SUbSrkATES

The use of new miaterials that greatly increase miagnetic properties is

cnanginy tiie pernianent miagnet industry. Lighter, sinai icr, aria simipler nrotcrs

are possib~le using rare-eartn alloys like neodymium-iron-boron (NdFeoB} as
permanent miagnet niateri a I. Magnets miace f romi this miateria a isplay to ,e

hignest magnetic strength ever attaineo i n permjanent mnagnets wni le uf reriny

si(.ritficant sovings in raw materials cost ( in relation to otner rare-eartn
alloys). k % study (keference 74) reported that NdFew) nas the potenticil to
ca_ pture oU-' percent of miarkets snared by conventional ainico), ferrite, aria
rart-eoarth saniari um--coroalt nayriets.
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Lorrosion is a major problem, however, witn kdFeB magnets. ine materia

constituents themselves form a galvanic cell wnicn readily corrodes.
Neodymium is one of the least noble metals and, therefore, is sacrificial to

almost every other metal. Also, neodymium readily forms a loose oAioe in tre

presence of moisture. Finishes applied over an oxidized NcFeB surface redaily

flake off. This prevents the use of most standard finisnes including "wet"

processing li'Ke cadmium electroplate and the more permeable coatings sucn as

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 cadmium, l,

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 (aluminum oxide grit blast) ann during coating in tne

vacuum cnamber. IVD aluminum alone nas been snown to provide adequate

corrosion resistance for applications sucn as Dataproduct's i-montn, I6 °F, s5

percent relative humidity test.

in addition, IVD aIuminum provides an excellenc oase for suje r, -

topcoating because of its columnar structure, adhesion, excellent coverage,

ano uniformity. As snuwn in Figure 43, tne corrosion resistance performuance

of IVD aluminum on NoFeb magnets in a 5 percent neutral salt Tog environ;e1nt

can be ennanceu wiA- topcoats. Ii'CAIk subsequently developed an LU

basecoat and XylarQ) 101 ceramic sealcoat system whicn provided IOOO-nowr

protection in a 5 percent neutral salt fog environment (Reference 7b).

Ine use of il b aluminumr an jcFeU5 macnets nas become a standaru for, several

of the largest magnet manufacturers. In addition to proviuing needed

corrosion resistance, coating costs are relatively It,. as -ost riaunet sizes

can be batch-processec in barrels rather tnan nana-fixturec.

E. EPLTEa Ui IUM SUSTKAIES

Depleted uranium (DU) is an abunuart DyprocuCt OT tne nuclear enrcv

industry. Military applications for this dense, malleaule material incba1

ballast weigrits ann armur-peetrating i.unitions. at1 is classifie as a
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-, A

IVD Aluminum IVD Aluminum I VD A'u ru"
Coating Overcoated Overcoated mi~h

(Slight Corrosion with Epoxy Epcxy Rimer
on Edges) Primer and Polyurelhane

(No Corrosion) To 'ocoat
(No Corrcsion)

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

"control led rm.ateri al" be~cause ef its rd(IioactLvi tj du, tntrjtci0S

special nuuinS. IT- is also susceptiole tu ccrr1 ,i~rur an urnms a~IC

tvi x U.Se. 3D ti- e ienural MIS. irn . is~S

aria ra~iiodct ti'.

A uti-nu ~ful ifij prcblcuirs, t!Izrt I s also -91 ,ri - t.4

(Uc c'pun rt LS L) nuct'kIon a s UuiJ ttc 1 Lu1C !;f:i a3

resultiny corrosion. A U.S. ,riy worKsriop on Liu corrosi on \~C

reportedi tnat njo/rogtr anti ciloric;= i on i~c h 3n i s s relIat ec o cr-1

adve-rselIj affect surf ace appearance-, cause a los. ftra , ofec's~1

ciucti i ity , anti a loss of strerytn. Tnese tactucrs in iCat~ rt nmcii i -.n

pe_-rfor-irnce coatingj to providie lony terii protection.

kefertrce 7o concluded that IVD aluiiinuri was tne best uf t ririsnm~
evaluated for Do. Various electropulatea anti electroless Ge~csitej cc, .:lis
were includedi in toen ( evaluation. both h u ria ty and s a it spc 3 tests
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Figure 46. Loose Oxide Formed on Depleted Uranium.
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o Corrosion resistance

o Coat in , a(h s on a n unifOr1;K ty fnfKo,0Lu 0 , .K

o Cost effective proauction rixWt:,rin

o ReworK capability

Figure 47. IVD Aluminum-Ccated Depleted Uranium Penetrator Core.
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Boeina tested the resistance of IVD aluminum to hyoraulic fluiC anu ,airnL

stripper (Reference 81). The hydraulic fluid resistance test consisteo of

immersing fasteners in BMS -ll fluid for 30 days at 70+ 5°F. Tne cuatin5

adhesion and visual appearance were not affected by tne test. Fasteners were

also immersed in Turco 5351 paint stripper at 70+5'F for 24 nours, ano again

no adverse effects were found.

Pratt & Whitney tested various corrosion resistant finishes including IYL

aluminum and diffused nicKel-cadmium on 410 alloy steel staLors (Reference

17). As part of their tests, trne finished stators were immersed in full-

strengtn 6&B 3100 engine cleaner for 4 nours. Altnougn none of tne finisnes

appeared to be harmed, the engine cleaner was analyzed Dy atomic absorption

spectropnotometry. No aluminum was found in the cleaning soluLion indicating

all aluminum baseo coatings resisted attack by the cleaner. however, tney oio

find cadmium from the diffused nickel-cadmium-plated stator.
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SLCTIOh Vii

REWORK AND FIELD REPAIR

The incidence of in-house reworK and field repair of IVD aluminum coateG

parts is minimal. As previously discussed in Section 11(),

coating-to-substrate aonesion for IVD processing is excellent. In adicion,

most processors glass-beao-peen the coating which provides a lO percent

nondestructive adhesion test. Poor to marginal coatings are detected witn

this procedure wnicn is a more thorough quality check than stanuaru tapie anc
b2nd-to-breaK testing. Also, the coating is soft and ductile; it tuiere.--rc

resists cnipping and will not rip-off witn mecnanical abuse. r-o.ever, as is

tne case for any finish, incorrect processing procedures can necessit.:_ tne
need for in-nouse reworK. Also because thie IVD aluminum coating is soft , lI e
camium, coated parts in service are subject to scratcnes ano car

abrasively Ganiaged. Rework and repair techniques are therefore necessary.

A. iN-HOUSE kE',iURK AIND REPAIR

Procedures have been establisned covering poor coating adhesion, incorret

tiickness, repair of scratches, bare areas in the coating, and scneculIc .-%

ilaintenance. Tnese procedures are su;,marizeG below.

1. Poor Coating Adhesion

a. For general or Extersive noi-Gnesion:

) Strip existing Iv.D) alu; in m coatin a y cnem-,ical sozi :

nydroxioe) or mecnanical 1glass bead or aluminum oxide grit) proceuures.

iOTE: EmurittIeen relief ba<ing 32u0 F for A4 nuurs) is

required or, nigr strenyLh steel parts atter cnemical strippinc. >cc;ri i

stripping of a no~ally adherent IVb aluminum, coating is difficult.

(L) Recoat ,.i tn 1VS al uri num.
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b. For local coating non-adhesion:

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

(2) Lightly grit olasL coating surface at 30 psi wiLh aluminum

oxide grit.

(3) Recoat over bare area ano existing coating nask only as

required to maintain tolerances).

2. Incorrect Coating Tnickness

a. When the coating is too thin:

(1) Overcoat to correct thickness with IVD aluminum.

b. When the coating is too thick:

(1) Strip existing IVb aluminum coating Dy cnemical soaiu:

hydroxide) or mecnanical alurninum oxide grit) proceaures.

(2) Recoat witn IVD aluminum.

3. Scratches In the Coating

a. When scratches occur before assembly:

(1) blena in scratch(es) by glass beau peening at 40 psi.

Ic) Chromate ur rejii, orate the burnished area. Urusn

chromating is acceptable.

b. When scratches occur after assembly:

(1) Follow an applicaule fielo repair proceuure.
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4. Bare Area in the Coating

a. Follow procedure 1. for local coating non-aahtsion.

5. Scheduled ALC Maintenance

a. Strip existing IVD aluminum coating by chemical (sodiuri

hydroxide) or mechanical (aluminum oxide grit) proceaures.

b. Recoat with IVD aluminum.

B. FIELD REPAIR

Procedures have been established covering scratches in the o3Lajjr Gn rC

Dare areas in the coating. For bare areas, tne repair can De mace usinL5

several methods, incluaing primer ana paint, brush cadmium, ana sacrificial

aluminum-basea paint systems. These proceaures are presentec below.

1. Scratches in the Coating

a. blenu in scratch(es) Dy burnishing the damageu area and an area

/4-incn wiae around the peripnery of the damaged area witri an aorasive pan.

b. Brush-chromate the Durnished area.

. are Areas In the Coating

a. The following general procedures are applicable to all fieIo

repairs of bare areas:

(1) Remove paint from a 1/4-inch wide section anna scuff arou!,n

the periphery of the damaged area.

(2 Solvent clean the repair area to remove oil ana ortases.

(a Mbrasively remove any corrosion products.
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,4) Repair area using appropriate method 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 I coat of epoxy primer.

(3) Apply 1 coat of polysulfide.

(4) Apply z coats of polyurethane topcoat.

c. For brush cadmium repair:

(1) brush cadmium plate to a minimum tnicKness of o.7: nil

where tolerances allow.

(2) Emorittlemenz relieve (375F for 24 hours) as applicable.

(5) brusn-chromate toe repaireo area.

(4) Apply paint primer and topcoat as applicable.

a. For Alseafblb sacrificial aluminum based paint) repair:

(1) Apply AlseaIQ5lb per the manufacturer's specification.

(1) After curing (requires elevated temperature), burnisn

rather than bake the coating to make it electrically conductive. Hand burnisn

if there is no access to i glass bead peener.

(3) brush-chroate the repaireo area.

(4) Apply paint p imer and topcoat as applicable.
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e. Fur SermeteQ ) Z49/Sermete ) 0 7j (sacrificial airL:-as

paint) repair:

(1) Blend any sharp edges oetween the undamagee coating and tre

substrate.

(2) Apply 0.8-1.0 mil of SermetepQ 29 per tne manufacturer's

specification. Cure at room temperature for at least 1/2 hour.

(3) Apply SermeteQ 73 catalyst over the driec SermeteQO

L49. Allow the catalyst to set for 1 hour and rinse with deionizea water.

(4) Smooth out any rougnness between tne IVD coatini i,,
Sermetel.

5) brusn-cnromate the repaired area.

(6) Apply paint primer ano topcoat as applicable.

MCAIR tested the corrosion resistance of the "prime or,, paint retair" on

six )- Dy 6-inch 4ljU alloy steel pdnels (Reference 6L). Tie panels hau tneir

paint and IVb aluminum coatings removed from a U.b- by l.0-incn area in Lne

center of the panel ana the "prime ano paint repair" applieu. , Ciagiona

l ine was scratched in the coating systems on three panels. The panels w ere

tnen subjected to the Naval Air Develoument Center SO salt fog exposure

test for L8 days. As shown in Figure 48, there were no signs of corrosion.

MCAIR evaluated brush cadciium plating as a field repair for IVD aluminum

on twelve 1- Dy 4-inch 4130 alloy steel panels (Reference 6a). lhe iD

aluminum was removed from the center section of each paiiel and replaced Nitn

brusn-appliel caumiuT in thicknesses of U.b and u.75 mil. dix of tne Lr.)sil

cadmium repair specimens were cnromateo (Type 11); the others were riot (Type

).
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Epoxy Prime r-Polys uIfi de 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 urush cadium plating category

were exposea to a neutral salt fog exposure for either 19 or 23 nays anu the

remaining specimens were exposeo to an SO2 salt fog environment for o ciays.

The chromated, 0.75-mil thick caamium finish offered tne best corrosion

resistance in neutral salt (see Figure 49).

Two 0.5 mil, nonchromated cadmium repair specimens failea (red rust) in 15

days in neutral salt and all of the cadmium repair specimens failed the 6-day,

SO2 salt fog exposure. however, cadmium is known to perform poorly in

acidic environments as discussed in Section IiI(B). Also, it snould be notec

that the test panels were not painted after application of the brush cadmium,

ana painting would be a normal part of fiela repair.

MCAIR did not conduct a formal test of IseaQ ) blo as a repair

proceaure. however, tney dia demonstrate that I seaQ lA car b'_

succe fully applied to damaged IVD aluminum-coateo steel panels. klso,

Alsea 1) 516 was applied to an alloy steel panel, scribeu anu exposed zo a 5

percent neutral salt fog environment for 9,UOU hours witnout rec rost

(Reference o4).

Cleveland Pneumatic Company (CPC) evaluated the corrosion resistance of

various I&L repair proceoures recomnmeHG I by MChlk as well as several otner

potential tecnniques, notably Sermete " 149, on 4- Dy o-inch 4so alloy

steel panels (Reference 85). The repair material was applied to an area

l-incn in diameter. The panels were then exposeu to a 5 percent neutral salt

fog environment for 4 weeKs. CPC reporteo tnat:

o AlseaQ5lb is not a feasible repair for them Decause it does not

cure at room temperature.

o Tnree repair methous which were tested, namely, SerreteQ ,

brush-camium plating using the bali(QLu23 solution, ano the application of

primer, sealant, and paint, provided acceptable corrosion-resistance

protection.
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Figure 49. Brush Cadmium Repair of IVD Aluminum-Coated Panels After 28 Days

of Neutral Salt Fog Exposure.
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0 Uf ne t hree acceptable repair metnods, tne SerrmeteQ 4 ) ,SCl Wit)

the SermeteW) 3 catalyst offered the greatest acivanta~es to themi. I t VVas
relatively easy to apply, required few tools or materials, cured at room
temperature, and offerea excellent salt spray corrosion resistance (Figurt bu).

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

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

o Tne i nterf aces between tne Sernete anu IVD alurinuii coatings must
be- blencec to prevent the f imati on ot bubbles in suiosequent paint coatings.
MCAIm' rejected tne Sermfet eb4?/ L7 .,pair without further testing ibecaise
of the formation of buwules ano staining in the repair area.
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In addition to tne repair procecures ciscussed above, arc-spray aimi r

may also be a feasible field repair. VCAIR originally tested 4- Dy 6-irc ,

aluminum-coated alloy steel panels that had arc-spray aluminum applied to

areas in the form of diagonal strips ranging in ,idtn from 1/16 to ]/L incn

(Reference 86). MCAIR reported at the time of these early tests teat tne

corrosion resistance of the repairec panels was acceptable in 5 percent

neutral salt (2,164 to 7,248 hours before red rust), but lccal nonacnesion Cf

the arc-sprayed coating was present on all the panels at tne interface wi,'

the IVD aluminum coating. M CAI k later retested arc-sprayed aluminum

(Reference 84). In this later test, the IVD aluminum coateu alloy steeI

panels were partially strippea by grit olasting to simulate G ... ,ag . Tne ,_-e -<:

arouno the cmagea sections were masKeo, ane tne camacec areas .ere c.aceu

witn arc-sprayed aluminum. After glass beau peening a; 40j psi, ,n-

arc-sprayed coating was smooth, adherent ano uniform in tnic,<ness )7 s

After cnromating, tee panels were exposec to 2,18a nours of 5 Derce r,; 1 - .

salt spray witnout substrate corrosion. lkCAIR reportei teat a o tiut'1:t

testing, inclucing the development of application procecures, sncul '

concuctec before this method coulo e reccmmenoec for fielc repair. 1a; i c

summarizes the various fielo repairs for Dare areas in IVD aluminum ccati..5.

TABLE 28. FIELD REPAIR TECHNIQUES.

Repair Method Comment

Prime and Paint Acceptable. But No Sacrificial Finish on Substrate

Brush Cadmium Embrittlement Relief Required for High Strength Steel

Alseal 518 Requires Minimum of 400'F Curing Temperature

Sermetel 249 273 Cures at Room Temperature With 273 Catalyst

Arc-Spray Aluminum Displays Potential. But More Work Required
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SECTi~h Viii

PRUCLSSIN6 (COST

In an effort to comipare 1W) aluminum aro cadliiurn, tile recurrI ny crui
imaterial costs involved in processing a given type generic part ,rt

examined. This examination includeci a study of hazardous w'aste cetet

collection, and disposal costs. An estimate of the capital ccsts involved .ias
added to obtain a comparative picture ot one process versus arotntr.

Processing costs can be affected Dy many uliiferent vari2Dles. I

first place, tnere are many aifferent cacP;iici processe-s. L C~i! -r- i1 ,f

part sizes and snapes, different quontizies of parcts Lii

olle t imie, djitfer-ent equipmer~t c, r accessorits oe 6Ci
prof iciencies of operators, di fferent states uf f aciIitL oj ,ue r r z3tmri tc.

are examples of vari aoles wh icn s igni riCantly at rect process ing csts . v V

i f all o f t nes e v ar iaolIe s we re ne i ;c c r sta nt, c (,stLs .IlI s -Li I "va
processors. Tfhere a re ucif terrt tJoc ai r -c ul a,,ico s T- r tr-, c s-s

procedures as wellI as ui ff erent account ing~ wetnocus fur alucut 1 Cr St
tinis reason, tnet effort reportel hereinl is necessar-iiK liiitec to -- i

only a generail iciea of tile rel Iat ive COst S or T t e &:.",1orj 3

processes anu tile 1";D al utmi nm proctss.

in comparing tile IVD al usii ri uw p r ces,--s w ItLo tne r;n~t co

I U-w-i 0r i tL't I ernenft cacG~li UM, V acm cCi~ US UMi did~ j to )' i ~
pro ce s 1e s, t ne foIoI&v;i n o geral --o ciusi, s C ni Ua tm

o Tne oirect processing costs requireu, for ivUL aL~i is mi
ni ghtr tnan that reqired for vacuuni aic "on got" caumlli rn d es j' t

required tar low-eiiuritthement cacd;;JLTl ari d itfc se n ic e- c -- u;,

o) IV alIurui n Um processingj has no , - r e CUr r in ( polut io n- r elIt e costs.

Tne po IIut ion controlI costs for all caG;iul n processing , nclIUd ino, clpitl

treatm'ient , col Ilection, a inuo disposalID at azaordious s*5t~ ) 0 (3 - c t

factor s.
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0 Tnie c ap italI e quLi pme nt- ou tlIay tar I VPL a ILum;;,, 1; proc ,s i !i7' ~s

s ame generalI c ategory as tn at req u i ri f ur c au i um flrcces srJ i ft roe pa1 uni

control equipment requireu tar cauiini- is ircludt6.

o Wnen the direct processing costs, recurring pollVtion ccritrlCA cstLs ,

and capital costs are comoined, IV) aluminum appears to cost nmare than vacij,[

cadmi um, approximately tne s ame as " brig9n t" cadmi urn, aria less tnasi

low-em-ibr ittem,,ent cadmnium ona da-iffIusec: n ic 2l-cacimi un

In surveying uifferent, PetalI fin isn iog operations to cutLta in ca3s t

information on I V j- aluiinLdl vzrsUs c36miUr-. trcsi2 ne "-.asr ;ao.

Gatsi was GbtoineG rromi ro-epencent contoa'ctars or %oua-snops" Ke~ec

T., fuci 11 i tie- were v is it eu anc; bo-n ,-ore irfio in ' iru

cuoilu.n processjino . v'ariety of purLs ,,eret in prcesSiuc; ueu s.

well -tra1 rrc an. e l dc~-ocCSsOri -2 ". Z:rC e no a: iv vly S ec-n-
~-2 s, nen i ~f. 1n~or2 c on i tne cur~tr-riuct ion -L,, -otL cs o a

cast factoirs D aaaici. inest c -s s 'er ,-mn averay ec - tn a -c~s

bosts Sl sj 1I swar t a eOif C ss o u:~ao.

rl~ii;rr uss c zn n nr:~ p' Jim IC) eO . I

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

Cost for Generic 36 x 12 )( 8 in. Detail
Cost Factor IVD Vacuum 1"Bright" Low-Embrittlement Diff used

Aluminum ICadmium Cadmium Cadmium Nickel-Cadmium

Direc! Prcocessing S105 I-:,0 S 8052612
L ~ ~7r ' 68W 'i:

- Capital 351n 2 4-3116':4

Pollution Control - S 4 S 25 S 16

-~ Rocurrjr-L 67> 67

- Car-al j 33, 330- 33-- 3
TotalI SlO 10 S 50 51?
Future Directionj £4
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utilities, cnemicals, aluminum, cau~iiir, etc. are atuout equ-al for the varius
proce-sses and are not snownm in tne comiparison. T a -,3' is a rlc. c rr
showing tne processing steps requir-eu by iIAlkI Specifijcatiors for' C rt varicus

procesbes. An approximate labor r e q i r e.,ie n t f 0r E ac n s te 2D I s (7j,, 0 10 .!
TABLE 30. PROCESSING FLOW CHARTS 'VD LABOR P1':7QUU3qE%1aNT S FOR IVD ALUIMINUM11

AND CADMIUM PROCESSES.

lVD Aluminum Vacuum Cadmium ElectroPileu Low-Emorittlement Diffused
(136 Person- (106 Persorc,- "Brictt Cadmium Cadmium Nickel-Cadmium

Minutes Detail) Minutes Detail) (107 Person- (211 Person- I (140 Person-
Minutes Detail) Minutes Detail) Minutes Detail)

Vapor Degrease 1t4) Vapor Degrcase14) Vapor DeOgease vc DOecreaset14 i c0r 1 4
Grit Blast 1321 Grit Blast 32) Grit Blast i 16Crit Blast 13?'1 Grit Blst 16

AIlinle Clein t 0, ~ er/a:2 roi

Hot Cci- De~rvizeo. Hot_ OCod r19

Picxle I? IPc'eI

0010 Aater RCii:3 21o2'e

.3 Ocetalis Per
30 nn Cyclei

2-Step Viter R:,se 3 1

Aun' ~ ~ ~ ~ ~ ~ ~ ~ ~ , cml cC.. U. 2ac ur jca 00 1cmu B, at 10 C.ci Ccmv .
*2 Dp~a sFr .4 D e s0,r 4 tros P.' Plate iI 'i

21 r~y 30 'n Cci'e 40 in CVC1'3' 1 120 Mir Cc

2 -St--,, Water R i nse 3 1 -s:CD..; P"nse 1 2Se n-Pa
*Coo Hot, Cold. Netutra: :.no. Coilc Hct)

Blow, IDny 14 Cood. Hoti B; Cw Dr ,4

Blc.; Dr.,-

Apply Tewrrdrure Svct
lnGIC'cro I I
Embruitlc r.nt Reeve it15

124 Hour Gfyc~ Ii
AId a , "cl C: '-4'spect ~ lc er.

RBc et lest.

2-ctep Water Ricer 161 Magnetic Particle 2- Stcc Prn,.e 6'
wspu'ctlc 40' ,Hot C, ci

Dip in Cauomurl Pa:7- )1C 1prDpc eI4 Jc' Ca;mlum Pliti
Sc utioni 31 Solutioni 3'

Cc) Vx- R spoI" I Wet Arrasivp CIE-an 28 CcWa, ~ne'

'x * '2 4' Coat 4' '2ca Col ,
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person -inutes on The f low coart. Processing steps that, wneii requireu, ol

be common to allI of tne processes such as miasK ing ore not s n ov-,r. i t i s

assumfea tnoat the 'or igot'L caamium process i S useG Tor, loi,-s treng tn stt 1

appIi cat ions ( no hydrogen embri tt Iem-entL relIi ef, anoa low-emricitIteen t cacuiiufi:

is usea for hign-strerioth steel applications khyorogien emoLrittle1)co-t relief

required). 6otii tne 1VD aluminum and vacuum~ cadmium processes can rte isedi Tor

nigh-strengtri steels witnout thle nyorogen eilirittleirient relt=-Ii St,-p.
Low-emibrittlemnent cadmnium is toe most laoorious process because or Steps LtoN fo

such as Obr~iOg and magneici partic:le inspection to assure the port i s oci-t

affecteu D,/ hiyurogen enibrittlement. Diffused nickel-caumium requires toe fmo;st

processing steps; vacuum cadmliuml toe least. Toe labor cost per uetail was

derived by miultiplyingj thie total person-minute requirement tor eaco process oy

,50 uoilars per nour. Tnis amount is toought to De represtntativ, or mLC ant-,
iLrkirl< labor costs.

Toe approximate oirect processing capital costs for toe various processe-s

are snown in Tlaole 31. The lVU alumiinum capitai cost includes the cooTter arc

ucoicoted equipmient suco as a grit olaster ano glass bead peener. Tie vacLA,.i

caaiui cost inicludes trie coater ano a dfedicated crit Dlaster. To e bn rot i

caoinkno) ca p ital) c os t inc )uoes wet tan s , rectifiers, an overneocl cratrt, Jr

exhaust systemi, sumip p umrps , aria plumbing expenses. Itie Iow,- emr!ri tLen I .

c adiur ca p ita I cost i s s imJIlar to br ight caumiumfi w ith th-e aud3itioni ot a

T u rnace t or eir it t 1,fient r Ii ef . Ioe diffused nicKel -cadi uni capI ta icostL is

s in~lI an t o tooa t or i Ioty-(-uioDr i tt tee cadmri um ifurnace f or ricel -C.'

TABLE 31. DIRECT PROCESSING CAPITAL COSTS.

Poes IVD Vacuum "Bright" Low-Embrittlement Diffused
Prces 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 S34

Cycle Time (hr) 0.87" 0.6711 1. 15c 0.80C 1 37
Per Detail

Cost Per Detail $37 $17 j $26 $20 $47

a C ost per hour represernts the capitai cost amortze over -I years at 2000 hours per year
b C,,7tal cvcie time for the vacuum processes is coaler cycle time divicecl by 1he nLUmber 11 Oetais pCe, TILpie 3i
c Capital cycle time for the wet p'oce~ses is the sequence of processingsteps tTaple 301 requ.r hoire contirLial U I!,-e

overhead crane
- For bright cadmium t Stant, witlh ilkaiine clean and ends with chromate Conversion rcomnon
- For iow-embr,t1iemFsnr cadmitjm it starts war' water wasn aino endls, h w ln ispecrion 01 sichtreci ifn-

-For d htusedi nickel -cadmium it starts with anlodic cleans ano ends with chroma,-ntero -oe5ihat -,



diffusion) with tile adoition of tanKs for nic~el plating. loese costs ref lect

new, state-of-the-art equipment. capital costs for tne wet procasses tiave

been aujusted to reflect coiimon usage of such items as grit olaSttrS, cvtrleac]

cranes, strip tanks, ano plumbing. Equipment common to all of tne processe-s

and/or com~mon to a number of othimr processes sucri as vapor u e(jr e a tI rs,

chromate tanks, anu mnagnetic particle inspection bootnis are not I rc ' Lu.

Capital cost per nour was oeriveo by amortizing capital costs over seven years'

on a one shi ft bas is . Please note that this cost per hour can vary '.icely

according to accounting methoos and equipment utilization. A, tmo siit usa(-e

over seven years, for instance, would reouce tne ca~ital cost per ncur LK! )

percent.

Figure 51 is a flow cnart representing tile typical nazarGUjS S Lste

treatment cycle for cadmiunm. Ie rinse water ano overflow f rom c a vi u:.:

plating tanks anu caomium strip tanks flow into a noloing cLanK on r t .a.

water is analyzea. The waste water is tnen transferred into a treatm ent tani

for cyanice cestruction through a series of ci-envical s t e ps. T ne ne t a 1

rlyoroxi~es are precipitated to tile uottomi of tnle tanKs. Tile clean liquiu 6n

top of toe tanK is then tested ano oiscniargeo into the se1r In 'e eta I

sludge is transferreo into a filter press or centrifuge. 'Ii filtrate \cleckr

liquio portion coming f rom tne filter press) is f urt ter ana lyzt2 btrbr'tz

release to The sever. Tne oiewatereo metal sluoge is tnen turtiier reoucizuc in

loeDy cryi nc4 befcre beintc plareri in approved coiit Dl nt rs trc o5

nazarcous waste.

Tne pollution control cost sriown in hocle s is tile tost asscciateu' -I.i

tii Fii~ure :)I vaste treatmenit cycle. Taolc )L is dn apprcxbi.Ot ~&~l

triese cos us wnic-n are an average ot >'icA1K ano "JoD-snup" costs. L ou)r ufi -L
again is tile miajor recurring cost factor. h--owever, tor pollution control, tie

cul"iutionl of chemiitui, utility, waste uisposai, ano miscellaneous cusLs 6ct

sir nif icant recurring cost factor. C-apital cost Per IIC~r v'as or~

ai..nrt iz ini~ capital costs over se ven years on a one-sn ift oasis.

fnt total cost snuvn in houle aL is typical for wattt tret;fent HnsIII

wninn sev -ral iietal f inisnming processe--s Inl Ldaitionl tu "tlt caw-iuii K'CCJ;

trta teu. h- a rtsoIt , tole PD] OLdIGn (cu*rrUl coGsLs Tur t 1)t V rn~ I-0S k- :'
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Figure 51. Pollution Control - Flow Chart For Hazardous Waste

Treatment and Disposal of Cadmium.
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TABLE 32. WASTE TREATMENT PLANT COSTS.

Cost Factor Cost of Waste Treatment Facility
(Hourly Cost)

Recurring S 86

Labor 380. -Tank Maintenance, Analysis. Records

Chemicals 1 60o - Cyanide Destruction. Cadmium Precipitation

Utilities 260 -Water. Electricity

Disposal 170. - Hazardous Waste: Cadmium Sludge, Tank Filters

Miscellaneous 3° 0 -OSHA Compliance. Permits. Insurance

Capital S 42 -Amortized on 7 Year, 2.000 Hour Year Basis

Total $128 - Combination of Recurring and Capital Costs

processes are fV cLored Dasec on estimated usage ot tn~e waste treatmert

facility. The factored cost per hour is shown in in Table J'. Ine Ta:le L

polljtion control cost is derived from Table 33.

TABLE 33. POLLUTION CONTROL COST PER DETAIL.

PrIVD Vacuum "Bright" Low-Embrittlement Diffused
Process Aluminum Cadmium Cadmium Cadmium Nickel-Cadmium

Cost Per Hour 1  - $6 $22 $20 $10

Cycle Time (hr) 0.87 0.67 1.15 0.80 1.37

Per Detail

Cost Per Detail - $4 $25 $16 S14

Njote
(1 ) Assume a tre atment facility usaqe factor of !7% for t)riqht cadmium 16% for Iowemnrltilemen cadmium 8 for J:fflsed

nickel cadmium and 5% for strppinq vacuum caormum fxtLres and shields
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Pollution control costs, especially capital cost, woulo Le consioeraoly

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 b25,000 to treat rinsewater from

several metal finishing operations in 1970 (Reference 90). Since then, tne

systcm has been up-graded with a drainage control system ($13,460), backup

generator ($4,6i5), 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.

Thc ucsts analysls presenceu ill LrliL scio iO f ger )i0

time. Regardless of the effort to present data as current as possible, it

became evident that the finishing industry is experiencing a rapidly changing

business environment wnich will greatly affect future costs. The consensus

opinion, however, 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 acoitional

cost-related advantage over caumium processing. Cadmium is a mature process

within the finishing industry, whereas IVO aluminum processing is in a rowtn

phase and is experiencing major productivity improvements as its acceptance

and usage increases. Witnin the past few years, for example, a rutary racK

accessory was developed to rotate parts inside the IVD vacuum chamber during

the coating cycle. This eliminates tne need to turn some parts over by hano

after coating one side, and then go through a secono pumpoown and coating

cycle. With this accessory, processing time is reduceo by approxim;,ately u

percent. The rotary rack accessory is shown in Figure be.

A dual-barrel accessory, shown in Figure 53, for coating large numbers of

small parts by barrel tumbling was also recently developeo. This 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 cryopumping system to shorten pumpdown times.

Without tne cryopump, pumdown times unoer humid atmospheric conditions m;ay be
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Figure 52. Rotary Fixture for IVD Aluminum Processing.
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Figure 53. Dual Barrel Accessory for IVD Aluminum Processing.
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as long as I llZ hours and represent 7 percent of a two nour processing

cycle. With the cyropunip, the total cycle time can be shortenea to about I

hour, a reouction of 50 percent. Figure 54 snows pumpoown times witn anu

without a cryopumping system. 103

lo2

10

100
Typical Cycle

Pressure 10-1 Without Cryopump

(Torr) 2 With Cryopump
102 Theoretical

Pumpdown

10-3

10-5
0 20 40 60 80 100 120 140

Time (Min)

Figure 54. Effect of Cryopump on Pumpdown Times.

The above improvements translate directly into cost reouctions for iVJ

aluminum processing. They are recommendeu for oLh existing and future hLL

coating operations. However, these productivity improvements nave yet to De

experienctu extensively tnrougnout tile finishing industry.

The coater cycle time for IVD aluminum in our cost comparison example, for

instance, is LIU minutes. This Lime reflects tne need to pumpGo'r, tie coatvr

4b minutes) ano coat the 3t x Iz x 8 incn details once, and tneri to open tlne

coater, turn the parts over oy nanu, arid repeat tne pumpuown 4D hlnUteSj ain

coating cycle again to obtain acceptable uniformity. The use of tne rotary

parts nolding accessory woulo rotate the parts ouring coating, eliminating zne

need to open tne cnamber to turn tne parts anu el iminating a second coater

pumpoown. Coater pumpiowr, tne longest portion of tne coaLing cycle, is

tnereby reduced 5U percent. That time could tnen be reduced by an additional

sU percent with the use of tie cryopump accessory. With the additional

efficiencies of one coating cycle rattler than two anG tie use u1 a cryopuiip,

tne LU minute total cycle would be reduced to approximately l17 minutes, a

percent prouctiviLy i;iiprovemlent.
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Further improvements should continue as the process becomes more of an

industry standard. Tnis bodes well for future IVD aluminum cost reductions

relative to cadmium processing.

The use of IVD aluminum in place of cadmium should also provide life-cycle

cost savings. These savings result from reduced maintenance, lower structural

weight, ana longer product life. In a study conducted for the F-18 program

(Reference 88), for example, the replacement interval for IVD aluminum-coatedi

fasteners was projected to be approximately douole the interval for

cadmium-plated fasteners. At the same time, reduced damage to tie

countersinks of tne aluminum structure was projected. This would result in

additional savings from lower structural refurbishment costs. Performance

data substantiating these projections is presented in Iection IiI.

In addition to longer intervals oetween required maintenance, tnere is

also cost savings associated with tne overhaul procedures themselves wnen iV.

aluminum rather than cadmium processing is involved. As pointed out in

Section IX(E), tie stripping of caamium-plateu parts during refurbisnient

produces nazaraous wastes and results in adaitional collection anc aisposal

costs. In contrast, there are no hazardous waste problems or cost associated

with the removal of aluminum coatings duriny refurbishment.

The use of IVD aluminum in place ot anodize coatings on fatigue-critical

aluminum structure reduces the weight or increases the life of these

structures; see Section VI(A) for technical details. These benefits translate

into life-cycle cost savings by reducing aircraft size and related operatinq

costs or by reaucing tne necessity to replace structural components. uacmiu17;

is not an acceptable alternative for this application.

In summary, today's cost of IVD aluminum processing is competitive, if not

less expensive, then cadmium processing. tt tue same time, the total cost of

caGrium processirq is increasing rapidly is the finisning industry facilitizes

ano cnanes procedures to control hazaruous waste production ana meet

nealth-relatem laws aria regulations. Conversely, the cost of IVD aluminum

processing is Deing reduced as a result of productivity improveients
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associatea with its expanding usage. IVD aluminum offers advantages regarding

life-cycle costs as well. Therefore, cost consioeration should in no way

impede the substitution of IVD aluminum for caamium. In fact, cost

consideration, similar to tecnnical performance and environmental or health

considerations, provides an additional incentive to substitute IV aluminum

processing for cadmium processing.

113



SECTION IX

ENVIRONMEiNTAL IMPACT

The functional merits of IVD aluminum versus cadmium processing nave been

thoroughly discussed in other sections of this report. However, tue most

important reason for replacing cadmium with IVD aluminum at tne ALUs 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 simiiar

processing sequence of precleaning, coating or plating, and 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 ano the actual

plating or coating process that exhibits most of their environmental impact

differences. Aluminum is a nontoxic substance, and the IVD vacuum-coating

process is a cry, environmentally clean process. Cadmium, on tie other nana,

is classified as toxic to humans; waste cadmium must be hanolea anu aisposed

of by approved Occupational Safety and Health Administration (USHA)anu

Environmental Protection Agency (EPA) procedures. In addition, electroplated

cadmium processing introduces additional nazardous waste materials, sucn as

cyanide in the plating batn, which must be controlleo.

A. PRECLEANIING

The IVD alunIriurn and tre various caumium processes require part

precleaning prior to application of the finish. These part precleaning

processes for alloy steel parts are shown in Table 34. Precleaning basicai ly

consists of:

o Solvent cleaning to remove organic contai,4nants from the part surface

such as grease and oil films, cutting fluius, and corrosion prevention

compounds.

o Unemical or mecnanical cleaning to remove surface oxiues.
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TABLE 34. PRECLEANING REQUIREMENTS.

Proesss Solvents Chemicals Others

IVD Aluminum Alcohol None Abrasive
Acetone (A12 0 3 & Air)

MEK
Chlorinated Solventsa

Vacuum Cadmium Alcohol None Abrasive
Acetone (A12 0 3 & Air)

MEK
Chlorinated Solventsa

Electroplated Cadmium Alcohol Sodium Cyanide (Option) None
Nickel-Cadmium Acetone Sodium Hydroxide

MEK Hydrochloric Acid (20Be)
Chlorinated Solventsa

Low-Embrittlement Cadmium Alcohol None Abrasive
Acetone (A12 0 3 & Air)

MEK
Chlorinated Solventsa

Key:
a 1. 1. 1 Trichloroethane

Trtchioroethylene
Perchloroelhyiene

Vapor degreasing is the most common solvent cleaning process and is

generally used with either IVD aluminum or cadmium processing. Vapor

degreasers use a chlorinated solvent as the cleaning agent. Various

regulatory agencies have determined that chlorinated solvents contribute

varying degrees of harm to a worker's healtn anu the environment (ozone layer

and ground water). 6oth IVD aluminum and cadwium processing allow the use of

1, 1, 1, Trichloroethane which has higher acceptable OSHA vapor exposure

limits than some of the commonly used solvents and is exempt from air

pollution regulations in most states.

For the application of IVD aluminum, alloy steel parts are required to be

mecnanically cleaned after solvent cleaning. Surface oxides are abrasively

removed by a process that requires clean ory air and aluminum oxioe

(A]I0,) grit. This dry process is nontoxic and nas no environmiental

impact.

The caumium processes used for hign-strength steel applications, vacuum

cadmium and low-embrittlement cadmium, normally specify the part to be

mechanically cleaned also. This is oecause chemical precleariing can cause
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hydrogen embrittlement of high-strength steel. However, the lower alloy steel

parts which are "brignt" cadmium- and diffused nickel-cadmium-pIatec are

normally chemically cleaned. Materials such as sodium cyanice kan optional

desmutting step) in the chemical cleaning process are toxic and require

special handling and disposal procedures.

B. COATING/PLATING

The materials required for the processing of IVD aluminum, vacuum cadmium,

electroplated cadmium, diffused nickel-caumium, and low-embrittlement caoavium

are given in Table 35.

TABLE 35. COATING/PLATING REQUIREMENTS.

Chemicals or
Compounds

IVD Aluminum Aluminum

Vacuum Cadmium Cadmium

Electroplated Cadmium Sodium Cyanide

Low Embrittlement Cadmium Sodium Hydroxide

Nickel-Cadmium Cadmium Oxide

Diffused Sodium Caroonate

Electroplated Nickel Nickiel Sulfate
(For Diffused Nickel-Cadmium)

IVD aluminum anu vacuum cad ,ium processin dues not require any Cotsic

chemicals or conpounds. Botn processes utilize environmentally clean vac &u:

evaporation to apply tne coating to tne substrate. Figure %b sncws a typical

IVD aluminum work area. The environmental difference between tne t,,vo is tnat

aluminum is a nontoxic element. Caumium is a heavy metal ana is toxic to

humans. Cadmium fumes or oust breatnea or ingested by huiumans cat- case
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"Possibly the most important reascn for increasing the use of IVD' in

the lancing gear technical repair center is the initial recuccion an,]

subsequent elimination of hignly toxic cadmium systems usec in >.-'x.

After modification of the existing IVD system ana tne procure;,itnt of a

new IVD system, one half of the present vacuum cacmium vworkloac couia

be processpd by aliminum IVD. After operators beco'me familiar witn tne

operation ana capabilities of the new equipr,,ent, the remaining fifty

per cent of the vacuum cadmium wor41oaa could be processed by 12D, tnus

eliminating the hazardous cadmium vapors."

The cadmium processes involving electroplating, "bright" caamium, Iow-

embrittlement caomium, ana diffusea nicKel-cadmium, require the use of plating

solutions tnat are cyanide based to generate tne caamium finish. Cyanice is
nighly toxic to humans and animal life, ana care must be taen in the nancli 

ana use of this material. A typical electroplatea cadmium vor'K area is so..r

in Figure 56. Processing with chemical solutions can be safe f proper

proceaures are followed. If an acid accidentally comes into contact 'i L,

77 ,

Figure 56. Typical Electroplated Cadmium Work Area.
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cyanide, however, deadly hydrogen cyanide gas is generated. Since acius 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 hazardous material, nickel sulfamate. it decomposes when heated

and emits toxic fumes consisting of the oxides of nitrogen (NOX) and sulfur

(SOx. This compound requires special nandling and storage procedures to

prevent the generation of toxic fumes in the work place.

Waste disposal is a major problem for the cadmium processes but not for

tne IVb aluminum process. Treatment of cadmium plating solutions arc

rinsewaters is required. This is usually a two step process requiring tre

destruction of cyanide followed by precipitation of the cadmiui;,. Bcth steps

require separate tdnks, instrumentation, cnemicals, ana man-nours. Ine

cyanide destruction is generally performed by the alKaline

cnlorination-oxiaation process. This process is a two-stage operation in

whicn tne cyanide is first converted to a cyanate ann then the cyarate is

oxidized to carbon dioxide (usually as socium Dicarbonate) ano njtrogen.

Sodium nyoroxice is used witn a chlorine source to maintain the h ot tiie

solution at tne proper levels in order for the oxidation reactions to occur.

Tne eff lent from these processes can be diluted or burferta to uoctain

safe liquid that can oe dumped in a arain with no further treatment after the

filtration of tne precipitated canmiuiu compouna. Tnis remaining nazardous

sluu ce must be criea ano nisposen of in a hazardous waste nisposal site. Lve

tnen, tne envi rcnrental impact pronlems nave not enueu . Laui-Jm can L

extremely hazaruous if it gets into the ground water system; the allov;aole

concentration in waste water is only one-fifth that for arsenic. ws 3 result

of tnese proulems and the associated liability, nisposal costs are nicn ani

are corLinuin~j to rise. Lanu di sposa1 of caomium !iiaj be banrec; in tne rear

future.
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C. P0LTCOAT PROCESSING

The postcoat processing steps for both IVD aluminum ano trie various

caomium processes are essential ly the same. Both use a chromate conversion

treatment which provides additional corrosion protection and a Dase for

subsequent paint adnesion. The use of chromates is under scrutiny oy

regulatory agencies because of the possibility that lung cancer may be causeu

by hexavalent chrome and ground water pollution from trivalent chrome. T1,C

main concern with the chrome compounds is witn inhalation of dust or powders.

The chromate conversion process can be a closee-loop system which limits

the amount of waste proaucts. To reduc the possibility of pollution even

further, processes involving nonpolluting materials such as zirconium are

being evaluatee as potential replacements for chromate conversion coatings.

Further research an development is recommenaeo to fine a replacement

conversion coating that is environm entally acceptable ana has no detrimental

effect on the otner coating properties; see Section XII(Ej.

D. OHhji STANDAkDS

Uadmium processers must comply with USHA Stanoards as well as LPA

regulations. innaling small quantities of cadmium dust or fumes may cause a

cry tnroat, cough, neadache, snortness of breatn, ane voui,itin . iore sev=re

exposure could result in aeath. OShA is in the process of developinrv.

standards for tne levels ane monitoring of cadmium in tte work placek*j. eS, r

nas proposed a personal exposure lim it (PEL) of 5 uicro rajis cf c3mi.; per

cucic meter as an average over o hours. Levels as low as 1 licrosra per

cubic meter as an average, over 8 hours, are proposed to be classifiec as

action levels. Veeical surveillance would be required for all exposures at cr

acove action levels. Warning signs an step by step training wou!: ue

requirec. Initial representative monitoring woulc be performee upon every

full snift empl-yee in each joD classificition and worK area within lu cays.

"Prupos-_ i Loie of Feeeral ,euulations, 2LFkl~lu.lu./.
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Regulated areas would be established for concentrations above tne PEL.

Processers would be required to have a written plan to deal witn 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 of cyaniae

solutions in the cadmium plating process also has an impact on the safety in

the work area. As previously outlined, a toxic gas would be generated if an

acid was inadvertently added to a cyanide solution. The present UShA stanoaca

has a threshold limit value (TLV) of 10 PPM in air an the Department of

Transportation requires labelling to state "Poison A, Poison bas an

Flammable" on all shipments of cyanide concentrate.

Conversely, aluminum is nontoxic and is safe to nanole, store, ano dispose

of with standard shop practices. There are no OSHA Stanuards regulating tne

use of aluminum either as structural components or in its pure for; as a

protective coating.

E. PAINT STRIPPING

Cadmium and aluminum are both soft metals and as sucn may mix with

solutions or blast med ia used to strip paint from finished parts. Tne

environmental difference once again is in the nature of tne metals. Tne

caumium-contaminatea stripping solution or blast media is requireo to De

disposed of as hazardous waste. Proposed OSHA PELs for cadmium, previously

discussed, may well limit the effectiveness of the newer blast mecia paint

stripping proceaures. Unacceptable limits of cadmium have been founo in tne

olast media at the Ogoen i-LU. Tne source of tue caumium is prinmarily fru;'i

caamium-plated alloy steel fasteners installed in aluminum alloy structure.

1he replacement of cadmium with IVD aluminum would eventually eliminate this

environmental concern.

In summary, the use of IVU aluminum to replace the various cac im

processes would provide an acceptable way to improved tne product while

eliminating all environmental problems associated witn the use of cacmiul 1

witnout introducing new ones. Aluminum is not a hazaraous material. Tne
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process does not require chemical solutions, tanks, special ventilation, or

rinsewater. It produces no hazardous wastes and, therefore, requires no waste

treatment facilities.

As discussen 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. Pollution control ano

hazardous waste disposal associated with the various c~amium processes is now

costing the ALCs millions of dollars each year. These cost: will ccntinue to

rise as more stringent EPA and OSHA Standards are enacted. "Craole to Grave"

legislation will continue to make the ALCs responsible for any cleanup ano

liable for both past and present waste disposal. For these reasons, some of

the ALCs have procured IVO aluminum coatinq equipment ana aerospace and other

manufacturers have been converting from caemium processing to IVD aluminum.

This cnange over will accelerate as more emphasis to eli[inate hazarnous waste

is brought to bear on the processors. As examples, iicDonnell Douglas

Corporation has continually increased its use of IVD aluminum with a

corresponding decrease in the use of cadmium finishes, and beneral Dynamics,

Fort Worth, is bringing their first IVD aluminum installation in-nouse with

the goal to replace cadmium processing.

Table 30 summarizes the environmental impact of the IVD alumdinum process

arnd Zfe various culmium processes.

TABLE 36. ENVIROMENTAL IMPACT OF IVD ALUMINUM AND
CADMIUM PROCESSING.

Process SequenceProcess
Preclean Coating/Plating Post-Coat

IVD Aluminum None None T, P, H

Electroplated Cadmium P, H T, P. O, H T, P. H

Low Embrittlement Cadmium None T, P, 0, H T, P H

Diffused Nickel-Cadmium T, P. H T, P. O. H T P, H

VacuumCadmium None T. O. H T. P. H

Key

T - Toxic materials 0 - OSHA standards imposed

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

DATA GENERATED DURING CONTRACT PERIOD

During tne 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 Dy MCAIR as well as oetails

that were coated and tested by the OLanoma 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 lVD aluminum witnout concern as

opposed to those presenting an "area of concern." Researcn and development

will be directed at "areas of concern" during Phase II. MiCAiR also tested iV

aluminum-coated coupons to demonstrate the generic nature of tne coating as

presented in Sections II through VII.

A. CORROSION RESISTANCE TESTINU OF ALC DETAILS

1. By MCAIR

MCAIR coated 15 scrapped (condemned) ALC production parts (Table 3};)

received from the San Antonio ana Oklahoma Lity ALCs witn IVD aluminum anu

tested their corrosion resistance. The parts were coatea with IVUL aluminum to

the requirements of Mil-C-83488 (Coating, Aluminum, High Purity) in the MLCIk

production facility. A Class I (one mil minimum) IVD aluminum coating was

applied to all parts except in the tnreaoeo areas. Tne threaded area of a

part received a Class 3 coating, nominally O. -O. i.iils. Parts naving

recesses or internal surfaces were coated using stanoard MCAIR procedures,

such as proper part orientation, to optimize coating coverage. All ot tni

parts were chromate conversion-cuatea to produce a Type II coating. Figure 57

is typical of the appearance of a properly processed part. The LLu-incf

diameter Case and Vane Assembly has been IVD aluminum-coateo, glass-oeau-

peened for coating adhesion verification, ana chromate conversion-coateu.

Coating thicKnesses for tne various details is shown in TaDle j7.
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TABLE 37. NEUTRAL SALT FOG TEST RESULTS FOR IVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR.

Average Test
PartPart Name Coating Duration Remarks

Number Thickness (Days)
(mils)

AN 103812 Bolt Facesof 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 Coating appearance is excellent.
Bottom Side 1.4 67 Coating appearance is very good.

Coating depletion is starting at two
spots on the edges. Rust has not
occurred.

6709768 Washer External 28 Coating appearance is excellent.
Surfaces -2.3 67 Coating appearance is very good.

Coating depletion is starting on
some lands at the corners. Rust
has not occurred.

6723224 Nut External 28 Coating appearance is excellent.
Surfaces --2.3 67 Coating appearance is very good.

Minor coating depletion is starting
at three 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 on the O.D. and in the 1.D. recess.

67 Coating appearance is fair to good.
Coating depletion is occurring at
several spots on the O.D. The I.D.
is showing considerable coating
depletion. Rust has not occurred.

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

in one area.
67 Coating appearance is good. Some

coating depletion is occurring at
three spots. Rust has not occurred.

359439 Seat Turbine Shaft Coupling Top Edge 1.4 28 Coating appearance is fair to good.
Lock Spring I.D. Center 1.8 Part showed early coating depletion

O.D. Center 2.2 in one areaon the O.D.
I.D. showed no coating depletion.

67 Coating appearance is fair to poor.
There is a large area uver which
coating depletion is cccurrng on the
O.D. On the I.D. there is coating
depletion along part of the rim of the
part. Rust has not occurred.
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TABLE 37. NEUTRAL SALT FOG TEST RESULTS FOR IVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR (CONTINUED).

Average Test
PartPart Name Coating Duration Remarks

Number Thickness (Days)
(mils)

201616 Collar, Front Compressor
(Split Into Two Havles)

O.D. Test Section Top Edge 1.4 28 Coating appearance is fair to good.
O.D. Center 2.0 Part showed early coating depletion

in two areas on the 0.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 depletion is 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 compressorvane inner-ring I.D.
Inner-Ring 1.D. 1.7 63 Coating appearance is poor. The

coating on the inner-ring 1.D. is
almost totally depleted due to the
coating sacrificing to the assembled
faying surfaces. The coating on the
blades is also sacrificing to the
faying surfaces to protect them from
corrosion. Rust has not occurred.

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 I.D.
Inner-Ring I.D. 1.7 63 Coating appearance is fair, The

coating on the inner-ring 1.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 them from
corrosion. Rust has not occurred
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TABLE 37. NEUTRAL SALT FOG TEST RESULTS FOR IVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR (CONTINUED).

Average Test
art Part Name Coating Duration Remarks

Number Thickness (Days)
(mils)

2173320 Case and Vane Assembly Blade, Side 28 Coating appearance is good. There
Convex 1.0 is some coating depletion at the
Concave 0.7 faying surface in a recess adjacent

to the inner-ring O.D.
63 Coating appearance is fair. The

coating in a recess adjacent to 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.

247346 Coupling, Front Compressor
Drive Turbine (Longer Part)
(Split Into Two Halves)

I.D. Test At Center of 14 Coating appearance is fair to good
I.D. Gear Teeth 0.4 on the I.D. The coating passed the

Class 3, Type II requirement. The
coating is depleting at several spots
on the I.D. gear teeth.

17 The depleted area on the ID. gear
teeth began to show rust.

O.D. Test O.D. Wall 1.0 14 Coating appearance is good. Some
coating depletion is occurring
adjacent to the area on the I.D. that
showed coating depletion.

28 The coating appearance is fair. The
coating is depleting adjacent to the
cut edge of the part. The early
depletion area on the 0.D. is thought
to have occurred from the coating
sacrificing itself to help protect the
depleted area on the I.D. Rust has
not occurred.

6841212 Wheel, Compressor Top 1.6 28 Coating appearance is excellent.
2nd Stage Bottom 0.9 There is one spot showing some

coating depletion. The test will
continue until failure occurs.

6792768 Wheel, Compressor Top 1.4 28 Coating appearance is very good.
8th Stage Bottom 1.0 There are a few spots on the O. D.

lands between blade installation
slots that show some coating
depletion starting. The test will
continue until failure occurs.
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TABLE 37. NEUTRAL SALT FOG TEST RESULTS FOR IVD ALUMINUM-COATED,
TYPICAL ALC PARTS AT MCAIR (CONCLUDED).

Average Test
Part Part Name Coating Duration Remarks

Number Thickness
(mils) (Days)

247346 Coupling, Front Compressor
Drive Turbine (Shorter Part)
(Split Into Two Halves)

I.D. Test I.D. Gear Teeth 0.5 14 Coating appearance is good. The
coating passed the Class 3, Type II
requirement. The coating is
depleting at several spots on the
I.D. gearteeth. The test will continue
until failure occurs.

O.D. Test 0.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 coatingst 1.0 mil minimum) and 336 hours 14 days) for

Class 3 coatings (0.3 mil minimum).
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Top

Bottom

Figure 57. IVD Aluminum-Coated Case and Vane Assembly (P/N 2173320).

128



The IVU aluminum-coated parts were exposed to an ASTM '-II7 neutral

salt fog environment until failure occurred (substrate corrosion) or until

the testing was terminated. All of the parts passed MIL-C-83486 salt fog

exposure times which are 14 days for Class 3 coatings and 6 days for Class 1

coatings. Figures 58 through 60 snows 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 provided the required

corrosion protection to 1b typical ALL parts. This task demonstrates that tie

majority of tne ALC parts can be coated with IVO aluminum without sacrificing

coating quality or performance. Parts having "areas of concern" will De

addressed in future research and development as noteG in Section Xii.

1. By the Oklahoma City ALC

The Oklahoma City ALC (OC-ALC) has approved IVD aluminum coating by

demonstrating the corrosion resistance adequacy and process feasibility on

some of tneir production oetails that are now finished with eitner cadmium or

nickel-cadmium. Twenty-four ALC details were coated with IVD aluminum to

MIL-L-83486, Type II (chromated). Tne coating thicknesses are shown in Table

38. Seventeen of tne same i-LC details were plated with diffuseu

nickel-cadmium for direct comparisons. The nickel-caomium platec parts

processed as follows:

Nickel plate - O.OUUIL to 0.0004 in. thick

Cadmium plate- 0.0001 to O.uouz in. thick

Supplemental chromate treatment - optional

hll of tne details were exposec to an ASTI b-li7 neutral salt fog

environment unLil failure occurred (substrate corrosion) or until termination

of the test. Salt fog duration times ano remarks about the appearance of tle
parts are presented in Table )o. Table 36 also snows a comparison between

IVU aluminum, nickel-caamium, ano Sermetel for one 0U(-hLU part. Toe coatino

thickness/surface roughness characteristic for three OL-ALC parts is sno Nn in

Table 39.
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Figure 58. IVD Aluminum-Coated Engine Sections After 672 Hours of Neutral Salt Fog Exposure.
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Figure 59. IVD Aluminum-Coated Small ALC Parts After 672 Hours of Neutral Salt Fog Exposure.
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Figure 60. IVOD Aluminum-Coated ALC Parts After 67 2 Hours of Neutral Salt Fog Exposure.



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

Average TestEngine Part Aluminum Coatingnmbe Nmr Part Name Tines Coating Duration RemarksNumber Number Thickness (as
(mils) (Days)

30531R 559378 Tierod Bolts, Front 1.3 IVD Al 92 Pits Forming but No Rust
Compressor Ni-Cd 48 Small Amount of Rust on

Threads and Head
- IVD Al 92 Pits Forming but No Rust

Ni-Cd 23 Small Rust Spot Forming -
Entire Length

33354R or 157532 Rng-Retaining L S 1.4 IVD Al 102 No Rust
57369Y Compressor IVD Al 92 No Rust

Ni-Cd 66 Rust Beginning to Form

33350R 359439 Lock. Front 1.4 IVD Al 102 No Breaks in Coating or Rust
Compressor Ni-Cd 10 Severe Rust
Turbine IVD Al 160 Remains in 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.

33348Y or 208178 Spring, Front 1.4 IVD Al 55 Some Discoloration. No Breaks
57372Y Compressor Ni-Cd 99 Dark Area on One End -

Turbine No Rust.

33897Y or 403326 Nut Assembly, O.D 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

57670Y or 334974 Water Injet Screen 1.3 IVD Al 55 No Breaks
57743Y or Ni-Cd 14 Small Rust Spots on Screen
33511UY or
57479N & Y

30737Y 502178 Housing, Bearing. Face 0.9 IVD Al 26 Rust
Inner Gearbox Recess 0.3

30737G Face 1,5 IVD AI 53 Pits Beginning. No Rust
Recess 0.5

30723G 502184 Ni-Cd 14 Rust

41763R 6865326 Link Bell Crank 1 4 IVD Al 30 Rust
Assembly

3067CR 510799 Large Bracket 1.3 IVD Al 55 No Breaks or Rust
Ni-Cd 15 One Large Rust Sooi - Beno



TABLE 38. NEUTRAL SALT FOG TEST RESULTS COMPARING IVD ALUMINUM- AND
NICKEL-CADMIUM-FINISHED PARTS ATTHE OKLAHOMA CITY ALC (CONTINUED).

Average Test
Engine Part Aluminum Coating TPart Name Coating Duration RemarksNumber Number Thickness(Days)(mils)

33670 464162 Sort Items
Plate 1.4 IVD Al 30 Rust Forming
Small Bracket 1.4 IVD Al 96 Two Small Breaks in Coating

Ni-Cd 61 Small Rust Spot, Surface Black
Fitting 1.4 IVD Al 117 Small Rust Spot

Ni-Cd 154 Several Small Rust Spots

41900R 6861241 Regulator Air Flow 0.D. 1.8 IVD Al 55 No Rust
Control 1.D. 0.3

30715G 739635 Housing Gearbox. O.D 0.7 - 1.0 IVDAI 53 No Rustor Discoloration
Drive Bearing

30732G 618865 Housing Assembly. - IVD AI 53 Pits Beginning, No Rust
Gearbox Bearing

- Housing. Inner Ni-Cd 1 Red Spots on Nonplated
Bearing Surfaces

- Nuts and Bolts IVD Al 41 Majority Removed. No Rust
(Barreled) 58 Last Two Removed, Rust

Forming

30320X 559824 Coupling Gearbox, O.D. 1.5 IVD AI 53 Rust, Began to Form After
Drive Gear 45 Days. Rust on Internal

Uncoated Surface
3032CR O.D. 1.3 IVDAI 41 No Rustoi Discoloration

A00034 204104 Carrier O.D. 1.5 IVD AI 53 Pits and Rust Beginning
Ni-Cd 1 Rust on Nonplated Surface

AI-IVD Parts Had Entire
Surface Coated

30318R 565084 Tube Sealing RR 0 D 1 2 IVDAI 41 No Rustor Discoloration
Compressor Groove 0.5

33346R 247346 Coupling, Front 0 D 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 1 6 IVD Al 41 Breaks in Coating. Gray
364827 Coupling I 1 1 0 Surface
714165 Recess 0.1-0.3

Ni-Cd 8 Rust on 1 4 of Internal Surface



**A COMPLETE COPY IS BEING SENT UNDER StPARATE COVER. YOU SHOULD RECEIVE
IT IN A COUPLE DAYS. (INSURANCE IF YOU CAN'T READ THIS COPY)
I, Mary Reyn~olds

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

IAverage TestEngine poll I Aluminum Costing C.tn uno eak
Number Number Part Nome Thlukns Days) emrk

____________ (mle) (Days)__________

-TF30 Stator Face 1,5 IVO Al 27 Pits and Rust Forming/Black
Ring 1 .0 Spots, Breaks in Coating After
Blodro 0.5- 1.607q
Recess 0.3--O.5 Ni-Cd 28 Nunmerous Small Rust Spots on

Outer Ring - in Much Better
Condition Than AI-IVO After
27 Days

-500756 Bracket, Ignition 1 .6 IVO) All 41 Small Breaks In Coatingi
Exciter Gray Areas

Ni-Cd 41 Marbled Area - Galvanic
Reaction With Aluminum
Masking Tape

-7396358 AB Cylinder 1.0-1.5 IVD Al 41 BreaksIn Coating 1 10 of
Surface

Sermetel 41 Dark Gray Spots Over Most of
Surface

NI-Cd 72 Extensive Marbled Area -
Galvanic Reaction With
Aluminum Masking Tape,
Small Rust Spots

Notes,
1. NIckel-Cadmium platin~g per AMS 2416

Nickel vials - O.0002 to 0 0004 in, thick
C&clmium plate - 0.0001 to 0.0002 In. thick

2. The MILC43488 corrosion resistance raquiremeni is 672 hour$ (28 days) for Class 1 coatings (1.0 mii minimum) and~ 336 houjrs
(14 days) for Class 3 coatings (0.3 intl mirilmumn),

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

Engine Part Average surfae
Part Nome Coating RognsNumber Number arNme Thickness ogn)

_____________________ (mile) (d.

30531RP 559378 Tierod Bolts, 1 .3 72
Front Compressor

33354R or 157532 Ring-Retaining L/S 1.4 75
57369Y jCompressor Souplrng

333B0R 359439 ILock, Front 1.4 4.5
j_ Compressor Turbine _____

Notes:
I Thickness was measoured usedl FisherScGop nondeeiruutrve rosting thick~ness gauge,
2 Surface roughness woo meagured by OVC laboratorY
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In the OC-ALC tests, there were 16 direct comparisons between IVU

aluminum and nickel-cadmium. IVD aluminum equaled or exceeded the protection

against corrosion provided by nickel-cadmium on 13 of 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 thickness for satistactory

protection against corrosion. The sacrificial, aluminum coating was rapialy

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 MCAIk where it

was demonstrated that a Class 3 coating (0.3 mils minimum) on the ID can be

obtained as well as acceptable corrosion resistance. In another part, a TF3j

stator, the corrosion resistance of nickel-caamium barely exceeded that of

aluminum (28 days versus Z7 days). Again it is thought that the IVD aluminum

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 bi Gays. it is

beginning to exhibit coating depletion in recesses ano in the blade root

areas but has not failed. A similar coating depletion pattern was observed

on the TF30 Stator tested by the OC-ALL.

All of the 24 IVD aluminum-coated parts met the corrosion resistance

requirements of MIL-C-83488 during initial testing. Twenty-one of the L4

parts met the 28 day Class 1 requirement. The other three details were Class

3 coatings that met the 14 day requirement. Improvement in salt fog 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 28 days, the OC-ALU more than doublea the

prior 2b days exposure to neutral salt fog for the Inner Gearbox Housi'ng.

Complex shaped parts with recesses and/or internal surfaces mugt-.'ha,ve

auequate IVU aluminum coverage in these areas for the desired corrosion
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resistance. As noted in the previous paragraph, 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 OC-ALC corrosion resistance testing of

39 "typical" ALC parts aemonstrates the adequacy of IVU 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 oetails trat

are now finished with cadmium. In conjunction with ALL personnel, these

parts were examined to determine those where IVD aluminum could replace

cadmium without concern. "Area of concern" were also identified. For these

applications, supplemental processing is required to be used with iVb

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 detaileo 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 could be immediately changed to IVD aluminum coating

with no known processing or operating problems. At some of the AL~s, iVD

aluminum has already been approved for some parts. These parts are

identified in the tables as "IVD Use Approved." Those parts that present

problems with insufficient coverage, that may have potential torque-tension

problems, or that may be subject to erosion of the cating are identified as
"hreas of Concern." Whenever multiple part numbers exists for the same

verbal descriptor for a part, typically engine components, the basis for

cnanging all of tne parts to IVD aluminum coating was based upon an

examination of one or more of tne similar parts.

There were 70, 156, 58, 14L, and 119 parts reviewed, respectively, at the

Warner Robins, 09den, Sacramento, Uklanoma Lity, and San Antonio ALLs. There

were 6 specific parts identitied with "6 eas of concern" or 11.9 percent of
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TABLE 40. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVO ALUMINUM
FOR CADMIUM AT THE WARNER ROBINS ALC.

IVD Substitution for Cadmium
Part Part

Number Name Part Problem IVD Use Area of
Reviewed Free Approved Concern

C1 41
69C32794 Thrust Link X X
3P61 553-1 01 Bulkhead Assy. X X
3P61540-1 01 Thrust Link Ath Mount X X
3P61558-101 Aft Engine Mount (L) X X
3P61558-102 Aft Engine Mount (R) X X
3P61552-1 01 Bracket Pylon X X

(Female Align. Fitting
Belimouth)

3P61591-103 Belicrank X X
756102-103 Bolt 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 Ball and Socket X X
78553 Ball and Socket X X
3G 10202-103 Drive Assy., Bellmouth X X
3G10202-104 Drive Assy., Bellmouth X X
3P61610-105 Pylon EFitting X X
3PB1610-107 Pylon EFitting X X
3W01 020-101 Strut Assembly X X
3W01021-101 Strut Assembly X X
3W01020-102 Strut Assembly X X
3W01021-102 Strut Assembly X X
3G1 1520-127 Belicrank X X
3G1 1520-128 Bellcrank X X
3F32086-103 Landing Gear Nut X X
3F32087-103 Landing Gear Nut X X
3G1 1508-109 LandingGearNut X X

3F1 II r' Link Attach Drag Brace X ID
3P61551-105 Side Load Fitting X X
3P61551-107 Side Load Fitting X X
3 P61 554-101 Bulkhead X X

C1 30
526385-1 Barrel X X
526385-2 Barrel, Mating Part X X
537034 Barrel Bolt X X
537035 Barrel Bolt X X
537036 Internally Relieved X X

Extension Stud

Key
0o - insufficient ivo aluminum coverage on the inside diameter of the padl
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TABLE 40. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE WARNER ROBINS ALC (CONCLUDED).

IVD Substitution for Cadmium
Part Part

Number Name Part Problem IVD Use Area of
Reviewed Free Approved Concern

C1 30 (Continued)
MS20392-5C123 Pin X X
MS20392-7C1 11 Pin X X
14711-203-1 RockerArm X X
14711-203-2 RockerArm 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 FlapWingLanding X X
370516-2L Flap Wing Landing X X

370516-7 Flap Wing Landing X X
370516-8 Flap 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
ID - insufflicent lVD aluminum coverage on the inside diameter of the part
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TABLE 41. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE OGDEN ALC.

IVD Substitution for Cadmium
Part Part

Number Name Part Problem IVO Use Area of
Reviewed Fe Approved Concern

C5/C5A
4G1436-107A Nose Outer Cylinder X ID
4G 13538-101 Drag Shaft X ID
4G1 1415-107A Main Outer Cylinder X X X
4G 12432-101 A SplineTube X X
4G 13614-101 A Round Nut X X
4G1 1476-107A Positioning Collar X X X
4G 11476-101 A Positioning Collar X X X
4G51 427-1 01 A Nose Piston Axle X ID
4G 13412-101 A MLG Collar Lock Ring X X X
4G53709-1 101 A Retract Arm Attach Bolt X ID
4G 13539-101 A Main Lower Drag Shaft X ID
4013586-1olA MLG Ballscrew Sprocket X X X
4G12032-107B Main Pitch Collar Assy. X X X
4G12030-l0lA Main Fwd. Axle X ID
4G 12400-101lA Main Trunnion Pin X X X
4G 12031 -101 A Main Brake Collar X X X
43-761 Miscellaneous Bolts X X
815576-2R Main Ballnut X X X
4G1 1439-107E Main RoilPin X X X
4019067-l0lA MLG Comp. Attach X X X
4G 12001 -101 C MLG Lower Link X X X
4G51436-107B Outer Cylinder X ID

C1 30
MLG Inner Cylinder X X X

G418 J0-60 Wheel Tie Bolt X T-T
373587-1 MLG Inner Cylinder X X X
371675-1 Nose Cylinder Assy. X X X
388046 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
370u446-1 MLCGinr.,i ;yIr.6 A 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 ML0 Cylinder Assy. X X X
9522014 Miscellaneous Nut X X

Key
ID - Insufficient IVO aluminum coverage on the inside diameter ot the part
T-T Torque-Tension

140



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 IVD Use 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-1 6
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 Torque Arm X X X

F-15
- Main Outer Cylinder X X X

68A410615-2001 Main Collar Nut X X X
68A450726-2001 NLG Orifice 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 Miscellaneous X ID

Key
10 - Insufficent iV[ aluminum 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 IVD Use 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 ID

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 Outboard Tripod Link X X ID

6-35161-1 MLG Bolt X ID

6-35161-4 MLG Bolt X ID

4-80728 MLG Nut, Special X X X

6-34595- i MLG Bolt X ID

63-214 Miscellaneous Parts X X

4-80720 MLG Pin Special X X

9-52976 Main CapTrunnion X X X

9-52977 Main CapTrunnion X X X

A10

19064-1 Main Pin Socket Sub Assy, X ID

F-100

NAS14882 Tie Bolt- Large Allen Head X X

63B32436 Nut X X

C141
9525611 Washer X X

3G10018-113 Main Piston Assy X ID

3G11098-105 Main Axle X ID

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 ID

3G111125-103 Main Knee Bolt X ID

Key

t0 - Insufficient VD aluminum coverage on the insrde 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 IVD Use Area of
Reviewed Free Approved Concern

C141 (Continued)
3G10008-105 Main LowerTorque Arm X X
3G10017-133 Main Outer 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
3G1 1077-103 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

3G61014-1 01 Nose Trunnion Pin X ID
3G11825-101 Main Retract Fitting X X X
3G 11081-101 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'KC 135
50-9717-25 Oleo Trunnion X ID
7531263-10 Nose Piston X ID
5-840011-27 Main Side Strut Upper X X X
7531263-10 Nose Piston X ID

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 NoseLowerLink X X X

Key
ID - Insufficient IVD aluminum 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 IVD Use Area of
Reviewed Free Approved Concern

CKC 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 - InsuffLicent IVD aluminum coverage on the inside diameter of the parl
T-T- Torque-Te,-sion
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TABLE 42. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM
FOR CADMIUM AT THE SACRAMENTO ALC.

IVD Substitution for Cadmium
Part Part

Number Name Part Problem IVD Use Area of
Reviewed Free Approved Concern

C1 35
5-86077 Terminal X X

5-86079 Cap X X

581C5 Barrel X ID
5-86397-2 Rod End 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 ID

12T9201 Hub Assy
Hub X ID
O B Bearing X X
Intercoastal -9 X X
Intercoastal- 7 X X

PP-6583T
373511-1 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 Details X ID

1 '7316 AdapterSpline X I D

Key
ID - !nsuflti - t IlD i mnum COv, rirje Df 1he inlco (1damei*r of i-,p par
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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 IVD Use Area of
Reviewed Free Approved Concern

F-15
3831339-5 Piston X ID
3151-014 Nt X X

F-1 6
2006020-1 Piston X ID

F-4
2219109 Gland Nut X X

C130
19106 Forks X X
457016-1 Ball Screws X ID

C141
186254 Piston X ID
188529 Piston X ID

Miscellaneous Parts
MPN 14 Barrel Pin X X
MPN 14 Steel Plates X X
TRN-19 Bracket (4 Details) X X
636 Nuts X X
A700-4600002-4700 Regulator Box (Several Pieces) X X

77C10003 E-XMTR BTM Plate X X
77010806-1 E-RX BTMPL-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
MAG2566Z 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 - nsufficient IVD alum,num coverage on the nside dameter of 1he part
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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 IVD Use Area ot

Reviewed Free Approved Concern

TF30
30386R 697634 Shaft- Front Compressor Drive Turbine X ID
30334R 563559 Shaft - Front Compressor Drive Turbine X ID
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- i 4th Stage X X
30469R 623873 Compressor Stator, 10-14th Stage X X
30469R 577373 Compressor Stator, 10-14th Stage X X
30469R 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
3C489R 768784 Compressor Stator, 4th Stage X X
3047CR 672995 Compressor Stator, 5-8th Stage X X
3047CR 710296 Compressor Stator, 5- 8th Stage X X
3047CR 672997 Compressor Stator, 5- 8th Stage X X
3047CR 710298 Compressor Stator, 5 - 8th Stage X X
3047CR .735875 Compressor Stator, 5-8th Stage X X
30470R 735876 Compressor Stator, 5- 8th Stage X X
3047CR 735877 Compressor Stator, 5- 8th Stage X X
3047CR 735878 Compressor Starer. 5 - 8th Stage X X
3047CR 735785 Compressor Stator. 5 - 8th Stage X X

30.17CR 735785 Compressor Stator, 5 - 8th Stage X X
3047CR 735787 Compressor Stator. 5 - 8th Stage X X

30470R 735788 Co'rpressor Stator, 5 - 8th Stage X X
30467R 668395 Compressor Stator, 5 - 7th Stage X X

30467R 675776 Compressor Stator. 5 - 7t" Stage X X

30467R 668396 Compressor Stator, 5- 7th Stage X X
30467R 675777 Compressor Stator. 5 - 7th Stage X X

30467R 668397 Comprer sor Stator. 5 - 7th Stage X X
3046YR 2173319 Compressor Stator, 5- 7th Stage X X
30467R NBN 049219 Compressor Stator. 5 - 7th Stage X X

Key
IC- Ir,,uffirlent ido aluminu

m
coverage ,jn ine rslde diamneter Of the Dari



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 IVDUse I 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 Compre- 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, 8th 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
3045CR 577338 Ring, Air Sealing, Compressor X X
3045CR 577339 Ring, Air Sealing, Compressor X X
3045CR 577340 Ring, Air Sealing, Compressor X X
30450R 577341 Ring, Air Sealing, Compressor X X
3045CR 577342 Ring, Air Sealing. Compressor X X
3045CR 577343 Ring. Air Sealing, Compressor X X
3045CR 623760 Ring, Air Sealing, Compressor X X
3045CR 623761 Ring, Air Sealing, Compressor X X
3045R 623762 Ring. Air Sealing. Compressor X X
3045CR 572613 Ring. Air Sealing, Compressor X X
3045CR 572614 Ring. Air Sealing. Compressor X X
30584 559380 Tierod Bolts. Front Compressor X X X
30584 615992 Tierod Bolts. Front Compressor X X X
30568R 697032 Tierod Bolts. Rear and Front Compressor X X X
30737G 502,78 Housing-Bearing Inter Gearbox X X X
30732G 618865 Housing Assembly Gearbox Beanrg 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
3032CR 559824 Coupling. Gearbox Drive Gear X X X
30318R 565084 Tube-Sealing Rear Compressor X X X
30594R 5007E6 Bracket. Ignition Exc:ter. Upper X X X
307556 666882 Housing Assembly Gearoox Banng X X
303j4R 61 7855 Shaft N-1 Turbine X ID
30334R 563559 Shaft N-1 Turbine X ID
30670R 510790 Bracket X X

0 - Ir, '? VO 3'U 'Vi '.-'t r r, b' , d-:i r r , ,e i'ri,
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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 N~me P rt Prohilim I ivn Use Area of

Reviewed Free Approved Concern

TF30 (Continued)
307156 739635 Housing Gearbox Drive Bearing X X X
30531 R 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 393540 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 494399 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 ID

Drive Turbine
33346R 576584 Coupling. Front Compressor X ID

Drive Turbine
33218R 483277 H,)using No. 1 Bearing X X

33218R 679747 Hous ng No. 1 Bearing X X

33213R 769553 Housing No. 1 Bearing X X

33354R 1 157532 Ring-Retaining L S Compressor Coupling X X X

Key
!0 - InSuff.ii- i VD alC minurm cfveraqe on he nsce i,3meter of the par'



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
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 Items (Bracket, Plate, Etc.) X X
- 515970 Support X ID

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 Tierod, Front and Rear Compressor X X X
57306R 369479 Tierod, Front and Rear Compressor X X X
57373R 201615 Coupling, Front Compressor Drive X ID

Turbine Shaft
57373R 714163 Coupling, Front Compressor Drive X ID

Turbine Shaft
57373R 286079 Coupling. Front Compressor Drive X ID

Turbine Shaft
57370R 201616 Collar, Front Compressor Drive i urbine X X

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

Shaft Coupling

Key
ID - IsuMffcjent VD aumnurn coveraqe on the inside diameter oi the pari
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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 IVD Use Area of

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 157532 Ring-Retaining L S Compr'.ssor 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 739635B AB Cylinder X X

Miscellaneous 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

A00094 204104 Carrier X X

Key
ID - insuflicient IVD aluminum coverage on the inside diameter of the part



TABLE44. REVIEW OF PARTS FOR THE SUBSTITUTION OF IVD ALUMINUM FOR

CADMIUM AT THE SAN ANTONIO ALC.

IVD Substitution for CadmiumPart Part

Number Name Part Problem IVD Use 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

6847091 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, 1Oth Stage X X

6875211 Vane Compressor, 11 th Stage X X

6809441 Vane Compressor, 11 th Stage X X

6846291 Vane Compressor, 11 th Stage X X

6855041 Vane Compressor, 11 th Stage X X

oo06 1 Van:z Cotripressor, 11 tt Stage X X

6871381 Vane Compressor, 11 th 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,4thStage 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 - Insufficient IVD aluminum coverage on the inside diameter of the par!2

TT - Torque-Tension
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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 IVD Use 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 Propeller 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 Bell Crank PC1 X X
6826935 Arm Propeller Control, Rear X X X
6827298 Link Prope;ler Control, Rear X ID
6780854 Rod, Threaded Level FUF1 X X
6781501 Rod, Threaded Level FUF1 X X
6783838 Fitting Reduction G6ar 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 Propeller Shaft X ID
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 Whe.l, Stage 8 X X X
6792770 Compressor Wheel, Stage 9 X X X
6792771 Compressor Wheel, Stage 11 X X X

Key

ID - Insufficient iVD aluminum coverage on the inside diameter of ihe part

T-T -- Toque-Tenson



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

IV0 Substitution for CadmiumPart Part

Number Name Part Problem IVD Use Area of
Reviewed Free Approved Concern

T56 (Continued)
6855035 Vane Compressor, 5th Stage X X
6859605 Vane 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 Comp-essor, 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, 1Oth Stage X X
6855040 Vane Compressor, 1Oth Stage X X
6859610 Vane Compressor, 1Oth Stage X X
6846290 Vane Compressor, 1Oth Stage X X
6871380 Vane Compressor, 1Oth 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 Comp essor, 1st Stage X X
6859601 Vane Compressor, 1 st Stage X X

6875202 Vane Compressor. 2nd Stage X x

Key

ID - Insufficent IVD aluminum coverage on the 'nSide diameter of the rarl

T.T Torque- Tension



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

IVD Substitution foi Cadmium
Part Part

Number Name Part Problem IVD Use Area of
Reviewed Free Approved Concern

T56 (Continued)
6792772 Compressor Wheel, Stage 12 X X X
6794722 Seal, Labyrinth Compressor, Rear X X X

F1 00
4001860 Nut Bearing Retaining X X
4010237 Nut Bearing Retaining X X
4022555 Coupling Remote X ID

Key:
ID - Insufficient IVO aluminum coverage on the inside diameter of the part
T-T- Torque- Tension



the total number of parts reviewed. The percentage of parts exhiiting "areas

of concern" is somewhat less than what was initially suspected, nominally ZO

percent. The total number of parts identified with possible torque-tension or

erosion problems may be low. but, the percentage of parts witn "areas of

concern" is not expected to exceeu 15-18 percent.

Although all of the parts processed by the AL~s are not available for

review at any given time, the majority of the part configurations were

reviewed at each ALC. From this review, the majority of cadmium processeo

parts could now be IVD aluminum coated. Even thought the percentage of parts

with "areas of concern" is relatively low, aoequate solutions for tne proolem

parts must be establish before IVb aluminum can replace caumium processing

across-tne-boaro at tne ALLS. Research ano development airectea at resolving

these "areas of concern" is discussed in Section Ail. A nigh probabil)ty or

success is projected.

L. DEMUi TKATiUN OF ThE GEhERIC NATURE -OF IVD hLUIiNUM

MICAIR aemonstrated tne generic properties of IVu aluminui;, Referenc= Z)

as discussea in Sections II tnrougn ViI by testing IvD aluminum,-coaLeu panel.

Thirty-six 1- by 4-inch and lc, 3- by b-incn panels were IVu aluminum coateu

per the test matrix in Table 45. Three substrate materials w.ere usec v.iLn

tnree coating tnicKness classes for eacn substrate material.

lhe adhesion of the IVD aluminum coating '.as verifiea on tn n, -o,

4-inch beno-to-reaK panels. Paraqrapn 4. Z of 11 L-u-b6346o cef inch

acnesion. "cdnesion shall De deternineo by scraping tne surrace of the pllaec

article to expose tne oasis metal and examininy at a loinirhl;, Of t..ur diaveCtOrs

magnification for evidence of rionadnesion. Alternately, tne test strip snall

be clampeo in a vise and Dent back ano fortn until strip ruptur: occurs. .r

tne euge of tne rupcureu coating can be peeleu bacK or iT SeparutLor aL..,

tnt coating ano the basis metal can be seen at tne point ot ruptirc ,.r i

exaiiiirieu at four diameters magnification, adnesion is not saLisTuctury." ,,ii

ja !VD aluminum-coateu panels passeu tne beno-to-breaK test. In auoiti., l

su par.s were tape-tested ano class-oeao-peenud for aanesion vriticat1uA,

aria six parels haa tne aunesive strenqtn ot fc -cotirit mesured.

1I:&



TABLE 45. TEST MATRIX FOR DEMONSTRATION OFTHE
GENERIC NATURE OF IVD ALUMINUM.

Number of Coupons Required to Be Coated

Alloy Steel Aluminum Alloy Titanium Alloy
Test Specimen Size Specimen Size Specimen Size

3x6 1x4 3x6 1x4 3x6 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 will be conducted per ASTM 8-117 (5 percent neutral salt fog environment)
2 Coating adhesion shall pass bend-to-brake testing and 40 psi glass beac peening.
3. Coating uniformity shall be measured on the 3- by 6-in alloy steel panel prior to corrosion

resistance testing.
4. Coating coverage shall be verified by 4- visual inspection on all of the 1- by 4-in. coupons prior to

adhesion testing.
5. Electrical conductivity shall be measured on all the 1- by 4-in, coupons prior to adhesion testing.
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 tne bend-to-breaK panels ana

removing with a quick pull. No coating was removeo from the fractured eage

of the panels.

Prior, to the reno-to-Dreak ana tape tests, the panels were glass-beao-

peened at 40 psi with Number 1U glass beans. Tne impinging glass beaos

prouuce shear stresses in the coating sufficient to remove poorly adherent

coatings. \o coating was removeu by glass Deaa peening.

i pull test was performec on six of tne I- by 4-incn steel panels, two

from each coating thickness class. A Seoascian I Loating runherence lester

witn a 10 kPSI range was used for these tests. The acnesive tensile strenctn

of tne IVD aluminum coating was greater than t KPSI for all tnree classes of

coatings.

I7



In conclusion, the adhesion of the IVD aluminum coating on these panels

is representative of IVD aluminum-coated parts that are properly processeo.

These adhesion tests demonstrate the generic nature of the coating adhesion

reported in Section II'A).

Coating coverage was verified for each of the I- by 4-inch panels Ly a

visual inspection prior to adhesion testing. A Bausch & Lomb Stereo

microscope, Mooel 31-270-01, was used to examine the coating for bare areas,

blisters, and voids in the coating. The IVD aluminum completely covereo the

panels.

The coating uniformity was measured on the 12, 4130 alloy steel test

panels. The IVD aluminum-coating thicknesses are presentea in Table 46.

TABLE 46. IVD ALUMINUM COATING THICKNESS
AND UNIFORMITY ON THE GENERIC
PANELS.

Specimen Coating Coating Thickness (mils)B b

Number Class Individual Measurements Average

1 1.35, 1.39,1.54,1.59,1.49 1.47
2 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, 1.49,1.54, 1.54 1.50

5 0.93,0.93,0.96.0.99,0.90 0.94

6 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 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, i47,0.49 0.48

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

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

In conclusion, the coveraye, uniformity, ano thicknEs on Ltese panels is

representative of IVD aluminum-coateG parts that are properly processe. InII

coverage ano uniformity measurements demonstrate tne generic nature ot tte

process reported in Section iI(b).

1 b,:u



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 ll nanovoltmeter, in

conjunction with an Alessi 4 point probe head and 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 wnicn nas

a 99 percent minimum aluminum content. The IVD aluminum coating has an

electrical conductivity of 47.6 percent that of bulk aluminum transverse to

the surface. This is significant in that bulk aluminum is approximately

three times more conductive than cadmium.

In conclusion, IVD aluminum coating on these panels is electrically

conductive and provides a low resistant path. The electrical conouctivity

measurements demonstrate the generic nature of the coating reportec in

Section If(E).

iVD aluminum corrosion resistance was tested on the l , 3- by 6-incn

alloy steel panels in neutral salt fog per ASTM b-117. All the specimens for

each coating class exceeded the minimum requirements of MIL-U-b34bb. Tne

average time to failure (rea rust) for the Class 3 panels was 1,4L4 hours.

The average time to failure for tne Class 2 panels is more than 7,300 hours

tone panel is still in test). The average time to failure for the Jlass 1

coating is more than 7,800 hours (all four panels are still in Test). The

VI1L-C-b34bb corrosion-resistance requirements, the average time to failure

for tne large database shown in Figure 12, Section Ill(A), and the average

time to failure for the generic, aluminum-coated panels are shown in Figure

bl. The average corrosion-resistance t ime of tne generic, iv

aluminum-coateo panels exceed tne average times shown for tne aatabase in

Figurp IZ.

in conclusion, IVb aluminum satisfied tne miniium corrosion-resistance

requirement of MIL-U-bA48b ano is representative of, to better tnan, the

corrosion resistance expecteo for properly processed IvD aluminum-coateo

parts reported in Section i1liA).

1 I9
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Figure 61. Average Test Results for the Generic Panels Versus Minimum
Requirements of MIL-C-83488 and the Database Averages.
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SECTILu N Xl

CONCLUSIONS

IVO aluminum full-scale coating equipment is production proven; it was

introduced for use in the manufacture of aircraft over l years ago. The

coating has successfully undergone extensive labo-atory anj iri-ervice testino

as a substitute for cadmium -- many of the test results are nocumentu

herein. IVD aluminum is an excellent corrosion resistant finish ano, .n fact,

offers performance anvantages over caamium. Pernaps more important, aluminum

is nontoxic, and the IVLJ process is environmentally clean.

Because tne IVD aluminum operation is clean, simple, anG

non-labor-intensive, anG Decause facility and space requirements are -,inimal

and require no special pollution-relaten systems, it is a cost-competitive

process. Caomium costs are increasing because of environmental ano ntealtn

relateu laws ann regulations. At the same time, IVD aluminum costs a r

uecreasing because of productivity advances associated witn its increaseu

usage.

Tne contents of this report "2rify that, for most applications, IV:

1 ii n um, can ye subst i tutea for caon,ium wi t hout concern. For thse

appilcations wnere the suDstitution is not straightforward or' ,nere utn.r

ttcnnical issues must be considered, the reader is alerten unc specific

research programs are recommiende . Ig i, proDaDility of success Is

p- , _,e. T, t contents ot tn is report, therefore, strongly SU4c ;Ls

liliiatiun uT tfre various nazardous-vaste-prunucing cadmium processes.



SECTION XII

RESEARCH AND DEVELOPIMENT RECUMIMEhUATIOS

A. COVERAGE OF INTERNAL SURFACES

I. Pruulem

Whereas the IVU aluminum process is not confinec to line-of-sign:

application, it does have limitations regarding the ability to coat into deep

recesses; see Section II(B). Generally speaking, the process can ce useu

effectively to coat into a bore or recess for a distance equal to

approximately one time the diameter of the opening. Therefore, for parts vitn

a length-to-aiameter ratio greater tnan 1:1 (or L:l if open at ooth ends), tnu

iVD coating coverage on portions of the internal surface may be inadequate.

For example, te bore of a 5-incn diameter cylinder ?U-incnes long and open a:

both ends woulu be coated effectively for approximately 5-incnes from Dotn

ends. The remaining lo-inches of internal surface in the nicale of tne

cylinder would have a thin coating or no coating at ali.

Lven though tecnniques may be available to evaporate aluminum within

deep recesses using an internal anode, for most applications tnis procedure

coGLs 1 pronibitively expensive. Tnerefore, IVD aluminum cannot be a cirect

cadmium sUosti:ute for some ALC parts, such as lanoing gear cetails ar i

turoine snaft-, because of internal surface coating requirements. no;evur,

tnert are catlings tnat are compatible with IVD aluminum ar are recoi!KenGec

alternat ive-s to caouiium for internal surfaces.

2. Proposed Slution

C~mt irec IV'S al u 'nui , vi tn anotner coaLing tu pr'c e , 1-

ccvera fe of intern,] surfaces. Canoidate materials incluce:

d. t, luirinuu: --i -le n[L- -I- 5 / r bIse ais.

, r ic. 1C ealcoats.
C. Vtr r S, tu[:'raatS , ,3r, sea ants.
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Aluminum-filled MIL-C-81517 basecoats - These are paint-type

materials currently in use by the ALCs. Tne coatings can oe trusn- 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. Toe electrically conductive coating then

provides adequate sacrifical, crrosion-resistance protection to alloy steel

substrates. AlseaQ Sermete and Xylar4O) are traoenames of available

aluminum filled coatings suitable for this application.

Ceramic sealcoats - The MIL-C-81517 aluminum-fillea coatings c re

often used as a sacrificial metallic basecoat in combination with a ceramic

sealcoat to improve corrosion resistance. DoD agencies such as the Naval Sea

Systems Commana make extensive use of these metallic-ceramic comoination

coatings to protect alloy steel hardware for various marine applications. The

combination of IVD aluminum as the sacrificial aluminum basecoat enhancea witn

a ceramic sealcoat should provice adequate corrosion resistance to internal

surfaces for those case where there 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 Lesting anc may

affero acceptaule corrosion-resistance protection to internal surfaces.

Standara materials in use by the ALCs like epoxy primers, polyurethane

topcoats, anG sprayable sealants are canoiaates.

The question nay be askeo, "If a complementary coating is acequate

Tor an internal surface, why not use that coating over the entire component

rather than in combination with IVD aluminum, thus eliminating two-step

processinUr" Ine answer is that what may be aoequate for internal surfaces wy

noc ue auequate for external surfaces. For example, tne sacrificial

aU wnu;-ri]]eo paint-type coatings provice excellent corrosion resistance ana

,rirJUIC no ore than adequate to protect internal surtaces. however, internal

sr riot rlurmally subject&J to the more harsn corrosive environiients

nor to tre sanie drSr cemaius -n coating adnes ion as external sur-f aces.

Ir , triu uui L ,Ihum process is recurr ;enuuu on al i external sjrfc,,z'S
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and on as larye a portion of the internal surfaces as possible. Tne reasons

are that in addition to corrosion resistance, iVD aluminum provides superior

coating adhesion and superior uniformity and coverage on part edges.

As an example, the external surfaces of landing gear details ana

turbine shafts are exposed to more harsh conditions tnan internal surfaces.

The abrasive effects of take-offs and lanoings require a coating tnat adheres

well and is resistant to chipping. The IVD aluminum coating does not cnip; it

is required that IVD coating adhesion pass the stringent bena-to-break coupon

test. In contrast, the aluminum-filled paint type coatings are nighiy

susceptible to tne cnipping type of nonaahesion. Typically, these coatings

will not [feet the bend-to-break adhesion requirement.

IVD aluminum also provides excellent coating uniformity and coverage

on details in the transition area between external and internal surfaces.

Tnese areas often are threaded and/or contain snarp edges. IVD aluminum does

not build up on or run off of sharp edges or thread crests/roots regardless of

tnickness. The paint and spray-type coatings will run off of edges and Duilu

up in recesses.

a. Recommended R&D Program

',ChIk proposes to ioentify and select canicate materials ,niere

required for internal surfaces to comple-.,ent iVU aluminuM. Processing

procedures for combining tnese materials witn IVO aluminum and applying tner

to internal surfaces will be developed. Testing for corrosion resistance ,ill

ie performeu. GA ICK will issue a report verifying that the cancica e

materials anG developed procedures will:

a. Meet AIL-U-b3'4o6 corrosion resistance requireilents.

(. Meet apulicable aunesion requirements.

c. Comply witn envirormental stinoarcs.



6. IMPROVED EROSION RESISTANCE

1. Problem

IVD aluminum is relatively soft, as is cadmium. Neither is well

suited for applications requiring a high aegree of erosion resistance.

NicKel-cadmium is more erosion resistant than cadmium by itself and is

commonly used by the ALCs on engine details. IVD aluminum can easily be

applied thicker tnan is normal for nickel-caomium, and this aovantage may

result in comparable erosion resistance or even improved erosion/corrosion

resistance. Thicker IVD aluminum coatings may not always be possible,

however, because of tolerance limitations. Therefore, an improvement in

erosion resistance is needed wnen using thinner IVD aluriiinum coatings.

L. Proposed Solution

Preliminary erosion resistance testing of an IVD aluminum basecoat

enhancea by an erosion resistant topcoat has been encouraged. it is proposeu

that this work be continued. Work by Chromalloy Compressor Technologies, for,

example, demonstrated the erosion-resistant characteristics of an IVU aluminum

basecoat with their specially formulate conversion topcoat (Reference bl).

Altnough the comparison was not witn a caamium process, it aoes indicate tne

potential for such combination coatings.

Another area that may be investigated is the erosion resistance of various

aluminum alloys applied in the IVD process. An aluminum alloy aifferent than

tne soft, basically pure, llOU alum~inum alloy that is normally useu may well

provie irprovea erosion resistance, either by itself or in comoination ,vitn a

topcoat.

3. Recommenaea k&u Program

a. luentify canui6ate topcoats aria aluminum dl aloys for iLprov c

erosion re' istance.

b. Establish processing proceuures.

I )b



c. Test for erosion resistance and the effect on corrosion

resistance.

d. Verify environmental compliance.

A report will be issued comparing results witn currently used

processing, including nicKel-cadmium.

C.. IMPROVED LUBRICITY

1. Problem

Fasteners are often installed at parzicular torques that have been

determined to give desired preloaas. These torque values are usually requireu

by the tecnnical manuals supplied by the original equipment manufacturers

(OEMs). Since aluminum is not as lubricious as cadmium, nigner torque is

required to install IVD aluminum-coated fasteners to a given preloao 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. it is from

the OE.A report rejecting the use of IVD aluminum because of aifferent

torque/tension relationsnips. An ALC had asKed for concurrence to change from

electroplatea caomium ano nickel-caomium to IVD aluminum for turbine engine

bolts.

"- change in coatings changes the coefficient of friction tnus
affecting a torque required to achieve a yiven axial loac.

significant change in torq ,e requirenents, as a result of Ivacize,

would be unacceptable since production parts woula continue uo De

coated witn caamiuw. It woula De impractical aric confusin,} to nave

two sets of torque values in assembly instructions ana overnaul
fianruals. Tnis autnor recommenos that IVD Oluninu: not uc u',ec c- tne

parts listeu in httacnment 1."

I o U



Z. Proposed Solution

The difference in torque/tension characteristics between aluminum and

cadmium can be minimized by the use of lubricants; see Section V(M). The use

of acceptable lubricants witn the 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 held 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 the use of correct

lubrication precludes the need to alter installation procedures and/or

torque/tension values. The selection and use of proper lubricants snoulo

allow acceptable installation of IVD aluminum coated fasteners for any

application, airframe or engine.

3. Recommended R&D Program

MCAriK proposes to identify various acceptable lubricants, depending

upon the application. Detail parts will then be coaten to required

tnicKnesses, lubricated, and then tested for torque/tension characteristics.

MChik proposes to issue a report compilin tne aoove information whnicn .i i

snow tnat tne coating/lubricant cobination:

a. >ieets tecnnical manual torque/tension requirements.

b. Complies with environmental standards.

MCAIR also proposes to coorninate the luoricant selectio ann cata

with aipropriate OE>IS.

1o/



D. IMPROVED CORROSION RESISTANCE

1. Problem

Although IVD aluminum is an excellent corrosion-resistant finish,

improvements are always being sought to expano its usage ano to solve chronic

aircraft corrosion problems. Much research and development has been conducted

toward this end. Except for the most recent several years, most of this

research ano development had been directed at increasing corrosion resistance

by improving the IVD aluminum coating structure. A columnar structure is

inherent with the IVD aluminum process. Efforts were directed primarily at

making this columnar structure more amorphous and dense. Some of this

research has shown promise. Increasing the ionization level of the aluniinum

vapor or increasing suDstrate temperature are examples. However, for tne most

part, proauction processing changes could not be justifieo on the basis of a

cost uenefit analysis.

More recent research has been directed at enhancing the corrosion

resistance of the IVL aluminum basecoat by penetrating ano sealing its

columnar structure with a commercially available topcoat. Preliminary results

nave been promising. Therefore, it appears research in this area will provioe

toe greatest gains in corrosion resistance, with the least adverse impact on

cost or productivity.

2. Proposed Solution

evaluate topcoats wnich ilI signiticantly improve crrc-msi o1

resistance and can be justitieu on the basis of a cost benefit analjsi,.

Prel iminary research using Xyla$ 101, commercially available ceraimic

topcoat, nas shown considerable promise. Figure o is a pnotomicrogran ot an

amloy steeI fast-ener processeo with ivo aIumv;num plis ,X.1- 1 ul fter ,

nours in a 5 percent neutrdl sAt tog environment. The fastener is s~ii

completely protected. Tne Xylar lOl topcoat has penetrated ano sealec Lm_

iV5D aluminum coatin9 .

m lllll nnlllilmllm ~ llll ollIIBIIIIllml llll IIMI IWM m1 o!



NAS 584 Alloy Steel Fastener
Protected With

IVD Aluminum Plus Xylar® 101
After

9,000 Hours of Neutral Salt Fog Exposure

Bakelite Air Gap Bakelite

lVD Aluminum ..

tSubstrate

500X
Bakelite

AirGa
XylarO®101

IVD Aluminum
Substrate

Figure 62. Magnified Cross-Section of IVD Aluminum and Xylar®1o1.
In 1987, MCAIR conaucted studies which confirmed that tne use of a

Xyla 101 topcoat enhanced the corrosion resistance of IVD aluminum coated

fasteners and haraware. in addition to improve corrosion resistance, the

combination coating meets all of tne requirements of Lne metallic-ceramic

coating specification, MIL-C-81751, while providing the following advantages:

a. Superior coating coverage and uniformity - '-urrent YiL-L-cl7:

basecoats are either sprayed or dip-applied. Botn proceaures result in

coating run-off on eages and coating build-up in recesses. The IVu aluminur,

coating uoes not nave these problems.

b. Superior coating adhesion - Tne current MIIL-C-ol/bl acnesioi,

requrenent is less severe than the adhesion requirement for iVJ aluminur.

!VL) aluminum will routinely pass tue crusneu fastener head aunesion test or

the stanuaro coupon benu-to-DreaK test. Gurrenz MILL--tlyb coatings vi11

cnip ana flake. Poor adnesion is a persistent field problem fur tnese

coatings.

c. IVb/ylarO is commercial ly ,vailable; ttis snoulu led c to

multiple, convenient sources of supply with competitive pricing.

I1b6i



3. Recommended R&D Program

MCAIR proposes to ioentify the most promising topcoat s) tr, screeninc

and testing additional candidates. Processing procedures will :e establisneo

to produce the most cost effective finish system. Testing for corrosion

resistance will be performed. MCAIR will issue a report verifying tnat the

candidate topcoat(s) ana developed procedures will:

a. Enhance the corrosion resistance of IVD aluminum.

b. Exceed MIL-C-8348b corrosion resistance requirements.

c. Meet applicaole adhesion requirements.

0. Provide a base for acceptable paint auhesion.

e. Comply with environmental standards.

E. .rCbdIJt, CGCiPDUDS AS A SUBSTITUTE FOR CbO;VAT CUhVEkSIou

i. Problemn

onromate conversion coatings siinificantly Improve t ne corrosi on
resistance of boto aluminum and caumium protective finisnes. Uf eoqj
jinportance is the fact tnat aunesion of paint coatincs is also ennancec o1 tr1

cnromate coplex on the aluminum surface. The conversion coatinq process
i ,'olvss iT-ersir; tne parts in a tanK of acicifieG cnroi.nate solution for a

snort pz, iaOd uT time. As aiscusse6 in Section iX C), cnromate ore a 'r ,
environmental probl.,,. However, tne cnromate conversion treaent or coon

aIL,inum ana caomiiu finishes can be performeo in an environmentally comoLiar,
r~.Irt ,, ri coo filtration systems, toe aount of s ,;ene ..t i

m -inial. Some of toe current production tanKs at ))ChIR nave operate - -o

Yeors vitiout toe nee3 to cnance or dispose ot solutions, w,,i are nanlso

razaroous waste. t s a result, there have ceer f,, economic pressures to d1 C

", r..cr a pci tion free process.

Hotever, because there is a potential fo r cor"i OF D L- I'
-SCa e mantaccurlnj tacilities kttroucln exnaust stac.ks or se. ers, co

a ranti n a t e n -- groun , a ter , touc I ec i s I a t i I-n S . .2c,  a l I I 't C
r-Pro jcaion 1 S nowui enacted. Tmis i , 1 iitS epcre Lve O ,,



compounds, including chromium, and sets standards of disposal for some

compounds lower than those allowed in public drinking water. Such laws will

increase the costs of processing with L chromate conversion solution.

Pollution 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 ano

generate little or no hazardous waste. This in turn will minimize the

potential for adverse effects on the environment and improve cost efficiency.

2. Proposed Solution

Evaluate potential state-of-the-art replacements for chromates.

Several companies are recommending zirconium compounos as replacements for

chromates on aluminum. Their data snows it is possible to meet the 168 nour

salt spray requirement of MIL-C-b541, "Chemical Conversion Coating of "]luiinum

Alloys," without the use of chromium compounGs. It may also be possible to

use phosphate coatings in conjunction witn other coatings on IVD aluminum to

provide a corrosion protection system equal to the current cnroi"ate/paint

systems. Another possible solution is the use of zirconate or titanate

coupling agents as a surface treatment. All the above solutions woulo also

serve as a base for paint dohesion.

3. Recommenced R&D Program

MUAIR proposes to identify specific zirconium conversion coatincs,

phosphate coatings, and coupling agents and apply them to iVD alum nm-coate,

test specimens. lests will be coouuCLtu Lu dtL ttifl tile follov4iflQ:

a. Lorrosion resistance

b. Electrical conductivity

c. Paint aanesion

6. Service temperature

e. Resistance to common aircraft fluius

f. Environmental compliance



A flight evaluation is proposed for the best system as aetermined Dy

laboratory tests. Lost Analysis will also be performed.

F. COST REDUCTION

1. Problem

In general, IVD aluminum has been shown to be a cost effective

substitute for cadmium, see Section VIII. however, a cedicated cost reduction

effort would have significant payoff. Such an effort is especially timely

since IVU aluminum is in the early stages of growing acceptance ano us-: Dy

military overhaul facilities and major government contractors.

. Proposed Solution

Analyze current operations to establishi their contribution to total

cost and tneir potential for improvement. A top-down approach snoulo ce

followeu whicn starts at tne overhaul or coatinr facility level ana is

progressively Droken down to the detailed processing steps for a select group

of generic airframe or engine parts. Activities that are lacor intensive, use

critical materials, and involve extensive planning ano control will receive

high priority for modernization. From this analysis, an automateG, fully

inteqrated production cell will be designee ane implemented. ioe cell ,.Jill ne

flexIua to changes in worKload requirements and part configuration.

. Recomrnmenaeo r,&L Program

MiIF< proposes to select an ALC with a high level oT curren Ir

potential iV coating worr and conouct a aetailee top-down cost anal sms.

Production operations witn a cost savings potential will be iGen titiec.

study will Du made to select between eitrer an irprovee manuar oIe, t Ln -r

full automation. Changes will be impIeeri te ane compar tj Wtn C rrw

operations as to tneir contriouticn to cost anu/or quality. Tne i;, I report

,ill reflect total cost savings and strve as a guide tor Sir:] lr i:prov1: fts

to otner ALU operations.
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