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Precision Etching of Thick-Film Circuits of

Aluminum and Aluminum-O.1 wt% Copper

Harold J. Wiesner

Lawrence Livermure 1.aboratory, University of California

Livermore, California 94550

Alts'rl<ACT

In certain high-current applications the resistance of the aluminum

conductors is an important design parameter. Such a case is the aluminum

exploding-bridge used in some nuclear detonators. The resistance of the

network must be accurately known so that the individual bridge will receive

the proper firing current. Vapor-deposited, thick alum.inum films (0.011 min)

are often used to produce the necessary circuitry. These films are suitably

masked and etched to make the conductors.

Conventional etching mettiods for aluminum or :iluminum-O.1 wt% copper

do nut yield conductorM wi th a wel 1-defined, reproduc-il,le cross section.

'1'his results in 111:14·eeptable varial ions in eli·(·tric.11 resiStance. For this

application, we have developed a new etching solution that contains 25 to

50 vol% polyphosphoric acid, 75 to 50 voll orthophosphoric acid, and 10 to

30 g/1 ferric chloride. | Etching may be done at 55 to 65°C, but for precision

etching the temperature should be controll.ed to .11 'C. The solution is useful,

C ircuiLS. The paper describes some limitedfor dip etching of :lluminum

production experience with this eleti,

9:

This work was per.formed under the auspices of tlie U.S. Department of Energy,

under contract No. W-7405-Eng-48.

Patent applied for.
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INTI{()DUCI'lON

Vapor-deposited, thick aluminum films (O.011 mni) are often used as

conductors in high-current app'lications where the resistance of the aluminum

conductors .is an import,int design 1):irameter. An example of such a high-current

application is the aluminum exploding-bridge used in some nuclear weapon

de tonators. In this applicati.on, the resistance of the network must be

accurately known so Lhal Lhe individual bridge will receive Lhe proper firing

current.

Conventional etching solul ions for al untinum do not yield conductors

with a well-defined, reproducible cross sect·Ion, which results ·tri an

unacceplable variation in eleclrical resistance. Eli·hing can leave aluminum

conductori with a L rapezoidal 01- curved cross section or foot, or can undercut

tlit: photoresist (see |''ig. 1). '|'lic· idi·;11 el-ch le,·wes :1 perfectly rect.anglll:ir

cross section. Thin-fi lm aluminum circuils are usually etched with a mixture

of phosphoric acid, nitric acid, and water, at 50 to 550C1. However, for

thick films we found thot this etchant- was unsatisfactory with the Shipley

AZ-340 photores iNt. 01'he resisl lifted bally during the etching; furthermore,

L|liS Holut:i.ini produced Lapered edges on tile eletill·lkt:4.

Several other etching solut Lons were considered. In industry, ferric

chloride-water-phosphoric acid solutions have been used for etching thick

films, but usually only for cases where edge definition was not critical.

These solutions were not suitable for narrow (0,18 inm) elements.2 An etching

Reference to a company or product name does noL imply approval or

recommendation of the product by the Universi Ly ol- Californin o[ the U.S.

Der.11-Iment- 01' 1·hiet·gy li, lire ext-Ill:,ilin iiI olli,·t :; th.it tuay lie :mitable.
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solution containing cuncentrilted hydrochloric acid, phosphoric acid, and a

small amount or Ferric chloride has al No been tried. Al though this solution

gave good, straight edges, tile batit was unstable and, therefore, not suitable

for production applications.

We have recently developed a simple etehing solution consisting of

orthophosphoric and polyphosphoric acids und a sma L 1 atuount of Currie chloride.

Tilis solulion gives Kiwd edge del inilion £ind is stab.Le over a relatively long

period. Wide Variations in the coneelltrations (,1- the constituents do not

seem to affect the etelling rate or edge de[Inition.

DESCRIPTION OF OUR EXPERIMENTS

In tlie initi.·11 phases of development, '1'he Bendix Corporation, Kansas

City Division, supplied thick films that hail been made by phys Leal vapor

deposition of pure aluminum, or aluminum-0.1. wt% copper, onto Kapton.

Deposits were produced lising equipment manul-,wtured by Davis and Wilder, and

Endurex. After deposition thed aluminum or aluminum alloy was cleaned and

dried and the photoresist (Shipley AZ-340) applied and baked. Tlie pattern

was then ext>used und developed. After drying, the circuits were ready for

chemical etching. The circuit boards were cut into small pieces (approximately

2.5 cm by 5.0 cm) and etehed in baths LImt contained 500 to 2000 ml of

solution.

The etching solution was stirred witli ii magnetic stirrer and the parts

were moved back and forth in the etching solution by hand. Initially the

end point for removal of the excess aluminum was determined by eye;

subsequently, the pieces were examined microseopieal-ly at 2OX. If there were

areas where the aluminum was not completely removed and tile elements were not

undercut, th parts were etched for an additional period. Finally,



observations were recorded relative to the edge condition, a typical eleinent

was photographed, and its width was measured. Circuits with 0.18-nim-wide

elements were photographed at l'JOX; those with 0.75-mm-wide elements were

photographed at 75X.

PHOSPHORIC ACID-NITRte ACID ETCHING SOLUTION

Samples of pure aluminum ani[ 21-1 illninum--0.1. WEZ, copper alloy were etched

at 53°C in a phosphoric acid-nitric acid solution composed of:

Orthophosphoric acid 5(10 nil

Water 125 ml

Nitric acLit 5 0 iii I

Sodium lauryl sulfate O.1 0/1.

After etching, we examined Lhe circuits and found them to be

unsatis Factory . Their edges were severely Lapered, as shown by the pure

aluminum sample in Fig. 2, and the resist had washed off during the rinsing

oper:ilion. Spult.ing un the surl.ire ul liu· 1·I.·i,k,A:; j: ,·iddiliti[:11 proliti thaL

Ille resist had broken down during elching. '1'lie aluminum-O.1 wt'Z eu])per

alloy had been undercut badly during the 14-min etching (Fig. 3), yet traces

of unremoved aluminum were still visi.bl.e near Lhe el.ement.

When we added 200 ml of polyphosphoric acid to the balli and etched a

pure aluminiuu circuit at 56 to 57°C for 12.5 min, we found less tapering on

the circuit edge. However, some debris still remained on the Kapton, and the

resist washed off again during the rinsing operation.
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Additional experiments were performed u.sing higher concentrations of

polyphosphoric acid m·id nitrie acid:

Orthophosi,horic acid 850 „11

Nitria acid 100 iii 1

Water 225 ml

Polyphosphoric acid 400 ml

CO (.0 3. 5 g e

We also added Coo). to acce.Lerate the etching iii- the aluminum; however, its
3

effect was not clear. With this etching solution, the tapered edges were

essentially removed from the pure :iluminum circuit, but the alloy circuit

still displayed feathered edges. Because strict tolerance for the width- of

the element had been exceeded, no further tests were made with etc.hing

solutions cont:ii.nitig nitric acid.

ORTHOPHOSPHORIC-POLYPLIOSPHORIC AC ID ETCHING SOLUTION

We have investigaled a wide n.inge of ort hophosphoric-polyphosphoric

acid combinations. We find that: circuils etelled 111 orthophosphoric-polyptiosphoric

acid solutions show verti.cal rather than Lapered edges on the elements in

contrast to the circuits etched in iii tric acid solutions. 11owever, a slight

foot still remains (Fig. 4). For pure aluminum, the polyphosphoric acid may

range from 25 to 75 vol% without appreciable change in the etching results.

With 75 vol'Z, the solution is quile vlsi·ous mid requires a long rinse.

Because considerable heat is generated when polyphosphoric ac id and

orthophosphoric acid are mixed, caution must: be exercised in preparing the

etching solutions. For etching aluminum-O.1 wt.Z copper circuits, a mixture

of 1 part orthophosphoric acid and 1 part polyphosphoric ac Ld appears to give

tlie best results.
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Adding ferric rhloride to the b.11-11 improved the edges. Samples etched

in solutions containing between 6 mid 30 g/-1 1·'eCI.61'20 produced satis factory

edges (Figs. 5-7).

1'1 1,(>01'-1.1NI·. S']'111)11(S <)1'' 1('1'(:IliNG SC)],UT.IONS

l'he perfurmance mid resolilion obtained with the polyphosphoric acid

etching solution (25 v«-1% polyphosphoric, 75 volZ orthophosphoric acids, 20

g/1 Feell'01120) was studied al The Bendix Corporation, Kansas City Division,

for four photoresist exposure t inies :ind four photoresist development times.

A pure aluminum del)i)Sit was whirl-conted with AZ-340 photoresist to a thickness

of approximately 5 lim, and the measured photomaster image was exposed on the

2
part using a high-pressure mercury lamp at an intensity of 2.9 mW/cm .

Exposure times of 40, 60, 80, and 100 s were used. Images were then developed

for 2, 3, 5, and 8 min to produce a matrix of 16 data points. The width of

the bridge was measured before And after eli·liing, and the bridge-width

reductions were calculated. tn 8 und 9, bridge-wi.dth reduction afterVigs.

development and etching is shown as a function of developing and exposure

time for the 127- and 254-pm patterns, respeclively.

The data show that exposure time iS the less crl.tical variable in terms

of bridge-width reduction after etch.ing. The optimum of the two variables

is reached at an approximate 3-min development time and a variable exposure

period. The bridge-width reduction is in accord with data obtained from

etehed parts indicating good repeatability.
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EFFECT OF VARYING THE RATIO OF POLYPHOSPHORIC

ACTI) 01'0 <)It'l'11()1110>;1'110]<fC ACID

In beaker-scale experiments, the polyphosphoric acid was varied from

25 to 75 voll, with acceptable etching results. However, from a practical

point of view, a solution containing 75 volt polyphosphoric acid would not be

feasible in a spray clutter. in fact, we found thal a centrifugal pump

attached to a 3/4 lip motor caused the motor to overheat, even wlien we used

25 vol% polyphosphoric acid. I'rom this we concluded that a positive

displacement pump would be required For spray etching. Because this pump

was not immediately available, we evaluated the possibility of dip etching

the circuits. The circuits we 1-C :]Lt:tched L·o .-1 11(ilyi)]-i,liylene di.sk by tape,

and rotated for 2 min in each direction for the required etching period. A

schematic of the equipment is shown iii Fig. 10.

'No 40-1 s litt-ions were !11(le up, as Shown below:

1 11

Pol.yphosphuric acid, vol; 25 50

85% Orthophosphoric acid, vol% 75 50

Ferric chloride (FeCI ·61120)' M/1 20 20
3

Temperature 'C 60-62 60-62

A number of aluminum circuits were processed in each solution to

establish an etching rate for pure aluminum ,·ind aluminum-0.1 wt% copper.

These rates are shown below.

11[ ching Sollit ion

I II

Etching rate, 1lm/min for aluminum 1.0 1.0

Etching rate, lim/min for aluminunt-O. 1% copper L.35

-1-



Using this information, we etched 30 pure aluminum ci.rcuits in solution

for 10.5 min and examined the bridge wires at 50X magnification on a TV screen

All bridge wires were clean, had sharp edges, and were within the

width-tolerance band (see Fig. 11 for typical bridge elements).

The two baths can be operated satisfactorily un an intermittent basis

for several month:s. We were origina l ly concerned that because the baths were

hygroscop.Le, moisture absol·pt. ion mir,hL inuse dill·rio,-al iow it} L|Le ed,;e acuity.

To date, we have not seen problems in this area, and Lhe baths have been left

uncovered for 30 to 45 days. In be.iker-scale experiments, up to 10 vol%

water has not caused detrimental effects. However, we have not determined

the maximum amount 01 water that can be added tu the 40-1 solutions without

causing problems.

CONCLUSIONS

1. We have developed an eli·hing solution Limt is satisfactory for

thick-film aluminum circuit boards. 1-t ec>ntains 25 to 75 vol% polyphosphoric

,acid, 75 to 25 volt orthophosphoric acid, and 20 8/1 ferric chloride.

2. The solulion produces vertical rallier lIu·m Lapered edges un elements

3. The solution can be used either for dip etching or spray etching,

but, for spray etching, a positive displacement pump must be used.
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FIGURE CAPTIONS

Fig. 1. Conceptual drawing showing cross sections that can be obtained when

thick-film circuits are etched. In tItle ideal case, the cross section forms

a perfect reelmir,le.

Fig. 2. Pure aluminum circuit etched in ,-1 bilth containing nitrie acid. The

photographs are Laken from the tup; the Ltii.ek bluck outline indicates severe

tapering.

Fig. 3. An SEM photo of aluminum--0.1 wt£ copper alloy circuit etched in a

bath containing nitric.-acid. '['lie plioto sliows severe underetitting and traces

of aluminum near the element.

Fig. 4. Aluminum and aluminum-0. 1 Wl t col,per a.1 loy circuits etched in a 1:1

mixture of orthuphosphoric und polyphosphoric acids. The edges are much

better than t.hose shown in Figs. 2 and 3, but there is still a slight foot.

Fig. 5. Aluminum atid aluminum-0.1 w!% copper al.loy circuits, etched with 1:1

orthophosphoric and polyphosphoric acids and 6 g/1 ferric chloride. Both

circuits were etched for 10 min at 59°C. Nole the reduction in tile foot

compared to Fig. 4.

Fig. 6. Alumilium mid copper al.luy circuils elehed with 350 tul each o£ ortho-

phosphoric und polypliosphoric acids, 70 ml water, and 13 g/1 ferric chloride.

Both circuits were etched at 58°C. The pure aluminum circuit was etched for

12 min and the copper alloy c ircuit for 15 min. Compared with Fig. 4.

Fig. 7. Aluminum circuit etched with 1:1 orthophosphoric and polyphosphoric

acids and 30 8/1 rerric chloride. The circuit was etched at 64°C for 7.5

Illi.11. Note the clean, straight edge.

Fig. 8. Width reduction for 127-Wn-wide bridges :is functions of exposure and

development times, and etching, Measurements were made after exposure and

development and again after etching,



Fig. 9. Width reduction for 254-ilm-wide bridges as functions of exposure and

development times, and etching. Measurements were made after exposure and

development and again after etching.

Fig. 10. Schematic (top view) of pilot-line tank for etching aluminum circuits.

The part to be etched is mounted in a polypropylene ring. The ring is placed

in guide slots in the tank. A drive wheel rotates the ring at approximately

2 to 3 1-pm for 2 min. Then, the direction of rotation is reve rsed. 'fills

process is repeated until the part is etched.

Fig. 11. Typical bridge wires from three circuits etched in pilot setup.

There is no evidence of outlining, which would indicate a foot or tapering.
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Corrosion Resistance of Electroless Nickel by Food Constituents

Dr. Juan B. Hajdu, Eugene Yarkosky, Anthony Marczak
Enthone, Inc.

The use of electroless nickel deposits for their protective value has

increased through the years. This deposit, a nickel-phosphorus alloy, has
acquired the reputation of having a chemical resistance superior to pure
nickel (1, 2, 3). The excellent wear resistance and relative ease of deposi-

tion on complicated shapes and structures of various substrates has enhanced
its image.

Protecting food processing equipment is an area where electroless

nickel deposits appear to be gaining acceptance. This present paper reflects

a growing interest and need to establish guidelines for using electroless
nickel when in contact with food products.

Several authors have reported that processing equipment containing
nickel can be a source of contamination for food materials (4, 5, 6). Other

authors (7, 8) indicate that the possible injurious effects of such ingested

contamination are negligible. While the toxicological and epidemiological
effect of nickel have not been completely established, the oral intake of nickel

has been considered relatively innocuous (4). Table I gives an indication of
the tolerance to oral intake.

Table 1

Dosage

Test Animal Ni Compound ppin Effect

Rats NiC03, catalyst 250 - 1000 No effect

Monkeys Ni soaps, catalyst 250 - 1000 No effect

Calves NiCO3 250 - 1000 Retarded growth
Chicks NiSO4, Ni acetate 300 - 1300 Sarne
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However, the relatively high tolerance to orally ingested nickel contrasts
with other forms of nickel intake such as inhalation, percutaneous absorption
and parenteral absorption or injection (Table 2).

Table 2

Intake

Oral

Inhalation

Percutancous

Parenteral

Intravenous/intramuscular

Toxicology or Epidermiology

Non toxic

Possiblecarcinogen
Allergenic

Allergenic and carcinogenic effects reported
Toxic

A possible reason for the innocuity of orally ingested nickel is the very
low absorption of nickel in the digestive tract. More than 90% of such ingested
nickel is excreted in the faces. The normal oral intake of nickel by American
adults has been estimated at 300-600)ug/day.

While presently available information indicates no harmful effects from
the ingested nickel, the principal of reducing the contamination of food products
should be considered whenever possible. Previous reports (1, 6, 9) indicate
that various acids contained naturally or as additives infood products can
corrode nickel and nickel-phosphorus alloys (Fig. 1). With this potentiality in
ni ind and because of the number of electroless nickel formulations in use today
thal deposit nickel-phospho rus alloys of varying degrees of corrosion protection,
further review and investigation appears to be justified.
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Corrosion Resislance of Electroless Nickel by Food Constituents -3-

IL has been recognized for some time that the protective value of electro-
less nickel deposits are enhanced with increasing phosphorus content especially
in conjunction with heat treating the deposit.

In this work we investigated the following factors influencing the corrosion
process.

A. Reaction conditions and their influence on attack of the deposit.
B. Composition and metallurgical conditions and their influence on

attack of the deposit.

C. Corrosion of nickel-phosphorus alloys by food products.

EXPERIMENTAL

A. Reaction Conditions

A high phosphorus-nickel alloy was selected for the preliminary study
of the reaction variables. The selection was based on the relative resistance

of this nickel-phosphorus alloy to chemical attack. An indication of this is its
increased resistance to nitric acid. In industrial application this deposit is
resistant to two minutes of immersion time in concentrated nitric acid. Most

commercial electroless nickel deposits fail this test. Also, the resistance to
staining by handling is of consideration for food applications. This high phos -
pho rus -nickel alloy is more tolerant to such handling.

Mild steel panels were coated with 25,arn of nickel-phosphorus deposit
containing 10-11%/wt. P. The deposit was obtained from an electroless nickel
bath containing no other alloying metals or additives such as sulfur commonly
used for stabilizing the bath or brightening the deposit. The plated panels used
for the tests were allowed to age at least a week to provide more homogenous
conditions.

Individual panels, 129 cm2 were immersed in 500 cc of reagent solution
with and without aeration respectively. Citric, lactic, acetic, hydrochloric, and
phosphoric acids as well as sodium chloride were used as reagents. These acids
occur in food products both naturally and as additives and have been reported as
ing/1 of nickel in reagent solution. Analyses was by atomic absorption spectro-

photometry. The results of these tests are shown in Table 3.
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Table 3

Reagent Conditions

Exposure Times

3 hrs 6 hrs 24 hrs

6% citric acid 50° C. - no aeration 8 n·«/1 9 mg/1 32 nlg/1
50° C. - aeration* 10 liu;/1 20 mg/1 83 rng/1
50° C. -2x aeration 11 mg/1 21 nig/1 124 Ing/1
100°C. - no aeration -- -- 18 mg/1
100°C. - aeration -- -- 4 mg/1

6% acetic acid 50°C. - no aeration 9 mg/1 14 nng/1 27 nng/1
50°C. - aeration 17 mg/1 30 nlg/1 114 rng/1
50°C. -2x aeration 18 mg/1 33 mg/1 112 rng/1

6% Hel 50°C. - no aeration 7 mg/1 10 mg/1 20 nlg/1
50°C. - aeration 6 mg/1 7 nig/1 26 rng/1
10°C. -2x aeration 9 mg/1 12 mg/1 36 Ing/1

*rate of aeration 3 ml/min.

The results indicate aeration increased the attack on the nickel-phosphorus
alloy. The results are in accord with those expressed in the literature (1, 2).
Increasing the aeration accelerates this attack. Figure 2 shows that this reaction
be coinus lineal with aeration for tile period of 24 hours. The subsequent experi-
ments are based on this time period. Elevated temperatures apparently cause
reduced corrosion because of passivating effects. For this reason, the tempera-
ture condition of 50°C. was selected for the subsequent experiments.

with aeration

100

bo

C Kn

/5

Z
no ai ratior

0

0 10 20
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30

Fig. 2 - Dissolution of Nickel from Ni-P
Alloy in 6% Acetic Acid @ 50°C.



Corrosion Resistance of Electroless Nickel by Food Constituents -5-

The preceding results are interesting inasmuch as carboxylic acids are
Inure aggressive than hydrochloric acids under the testing conditions.

The effect of the reagent concentralion was the next variable studied
Crable 4).

Table 4

Reagent 2-11. Conditions - 24 hr s Ni - P Ni (99.9%)

0.6% citrie acid 2.3 50° C. - aeration 97 nig/1 91 Ing/1
6% " " 1. 8 50° C. - aeration 84 mg/1 104 Ing/1
18% " " 1.4 50°C. - aeration 91 mg/1 48 rng/1

0.6% acetic acid 2.9 50° C. - aeration 72 mg/1 132 rng/1
6% " " 2. 3 50°C. - aeration 114 ing/1 152 mg/1
18% " " 1.9 50° C. - aeration 72 mg/1 97 rng/1

0.6 % Hel 0. 9 50°C. - aeration 29 mg/1 152 mg/1
6% 11 0.25 50° C. - aeration 26 nig/1 292 nlg/1

18% " <0.0 50°C. - aeration 29 mg/1 1320 zng/1

These results indicate that the attack is not solely dependent on reagent
concentration nor pli. While the corrosion of electroless nickel and pure
nickel is similar in the carboxylic acids, hydrochloric acid attacks pure
nickel significantly niore than the nickel-phosphorus alloys.

Other reagents were tested as indicated in Table 5.

Table 5

Reagents 211_ Conditions - 24 hrs. Ni - P Pure N

6% Lactic acid 1.9 50°C. - aeration 100 nig/1 63 mg/1

6% Phosphoric 1.2 50°C. - aeration 54 mg/1 75 mg/1
6% Nael 5.7 50°C. - aeration 2 nig/1 2 Ing/1
6% Nael in 0.6%

acetic acid 2. 6 50°C. - aeration 23 Ing/1 73 Ing/1

Note again that the carboxylic acid is more corrosive than the mineral

acid and the inorganic salts.
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B. Composition and Metallurgical Influences

Several different types of electroless nickel deposits were compared
using 6% citric acid as reagent. Prior reports indicate that the attack of

nickel-phosphorus coatings will be influenced by the phosphorus content as
well as by the composition of the electroless solutions including additives

used for stabilization and brightness. Results of these observations are
shown in Table 6.

rubie 6

Deposit Reaction Condition A ttack

Corrosion resistant

higli P (10-11% P)

50° C. 6% citric acid,
aerated 24 hours

84 nig/1

Cleneral purpose sanie 137 nig/1

semibright (8% P)

General purpose same 176 nig/1

bright, low P (5% P)

In these experiments all the test specimens were aged 8 days before
testing to obtain a uniform condition. The results indicate that the composi-
tion of the deposits had a significant effect on the extension of the attack and
verifies that increasing phosphorus content reduces the rate of attack.

The effects of heat treatment were also investigated as shown in Table 7.

Table 7

Deposit Heat'freabnent R eagent Attack-24 hru

corrosion resistant 6% citric acid

high P (10-11% P) no HT aerated 84 mg/1

in air, 750°C., 1 hr. s ame 1 mg/1

in vacuuni*, 750° C., 1 hr. same 50 mg/1
no H'r 6% acetic acid 114 mg/1
inair, 750°C., 1 hr. same 1 rng/1

in vacuum, 750°C., 1 hr. same 86 nng/1
no HT 6% Hel 13 mg/1

in air, 750°C., 1 hr. sanie 9 mg/1
in vacuum, 750° C., 1 hr. salIne 965 mg/1

*0. l,urn vacuum, nitrogen purged



Corrosion Resistance of Electroless Nickel by Food Constituents -7-

The results strongly indicate that the higher protection of heat treated
nickel-phosphorus deposits in our work is related to the formation of passive
surface layers, rather than by the sole transformation of the deposit from an
amorphous structure to a crystalline state.

The protective surface layers could also explain this increased corrosion
resistance of the deposits after aging them at ambient room temperatures.
This phenomenon was observed in the work as is reported in Table 8.

Table 8

Reaction

Deposit Conditions Treatment Attack

Corrosion resistant high P 6% citric acid

(10-11% P) 8 days old aerated none 84 Ing/1

same, 34 days old same none 1 Ing/1

sanie, 34 days same activation in 50% Hel 53 mg/1

nickel (99.9%) same none 104 nag/1

same same activation in 50% Hel 103 nig/1

The durability of the passive layers was investigated. The nickel-
phosphorus alloy as compared to pure nickel, develops a more durable
surface layer, which appears to offer protection for extended periods.
Results are in Table 9.

Table 9

Exposure

Deposit; HT @ 750°C., air Reaction condition 24 hrs. 168 hrs.

Corrosion resistant high P

alloy (10-11% If')
6% citric acid
50° C. - aerated 1 Ing/1 4 mg/1

same 6% acetic acid
50°C. - aerated 1 mg /1 1 mg/1

Nickel (99.9%)

Nickel (99.9%) 6% citric acid
50°C. - aerated 6 mg/1 45 mg/1

same 6% acetic acid

50°C. - aerated 5 nig/1 35 rog/1



Corrosion Resistance of Electroless Nickel by Food Constituents -8-

C. Corrosion of Nickel-Phosphorus Alloys by Food Products

The non-heat-treated nickel-phosphorus alloy was tested with a number
of commercial food products by imniersing test panels for 24 hours @ 50°C.
with aeration. Results are in 'rable 10.

'rable 10

Ni-P Pure Ni

Reagent pH Ni-P deposit appearance mg/1 Ni mg/1 Ni

Coffee 5.6 Black discoloration 73.0 24.5

Sauerkraut juice 4.0 No discoloration 6.9 --

Tonialo juice 4.3 No discoloration 0.6 --

Orange juice 3.6 No discoloration 4.2 2.7

Tea 4.9 Yellow discoloration 14.5 31.3

Beef consomnie 5.8 Cloudy discoloration 12.0 20.0

Cola beverage 2.8 No discoloration 75.0 71.5

Beer 4.4 No discoloration 22.5 22. 5

lied wine 3.6 No discoloration 26.5 45.0

Milk 5.7 No discoloration 3.4 5.7

The above data is interesting from several viewpoints. The effects of
such juices as orange, toniato, and sauerkraut had less effect in corroding

the deposit than anticipated. This is attributed to the overall chemical
composition of these juices rather than to pIl and carboxylic acid concentra-
tion alone.

On the other hand the severity of attack by coffee on the nickel-phosphorus
deposit was surprising. The appearance of the test panels after testing showed
severe discoloration. This discoloration is very reminescient of the appearance
of the low-phosphorus nickel deposit after nitric acid treatment. Based on

published analyses of coffee, we have no obvious explanation for our results.

Since much food processing equipment will be subjected to handling the

chemical resistance of nickel to such handli.ng that might cause staining and/or
potential dermatitis was investigated.

Nickel-phosphorus and pure nickel test panels were exposed to an artifical
perspiration (10) environment at 50°C. with aeration for 24 hours. A signifi-
cant amount of nickel wa.sfound inthe test solutions, 30 and 58 mg/1 respectively.
The same test was performed on electroless nickel-phosphorus alloys contain-
ing various amounts of phosphorus that were obtained from baths having addition
agents. The results show a dramatic difference in appearance of the panels.
The deposits obtained from baths having additives and lower phosphorus content,
5 and 8%/wt. were noticeable discolored; the deposit from an additive-free bath,
10%/wt. P, was not discolored at all.



Corrosion Resistance of Electroless Nickel by Food Constituents -9-

As a separate corrosion experiment a practical cooking procedure was
used. A 5 liter electroless nickel plated pot was used to prepare tomato
sauce. The sauce contained tomatoes, tomato paste, tomato puree, shallots,
terragon, thyme, rosemary, oregano, parsley, fennel, salt and pepper. Thi s
niixture was analyzed for nickel prior to cooking and again after 4 hours of cooking.
r.rhe amount of nickel found by analyses was:

a) before cooking - 2.5 ppm
b) after cooking - 5.0 ppm

Tile total area exposed to the sauce was of 1319 cm
the sauce was of 5000 ec.

2
and the volurne of

Summary and Conclusion

The purpose of this work was to investigate the use of electroless nickel
for food applications. The results show that nickel-phosphorus alloys are not
inert to corrosive environments associated with food products. Some of the
test conditions might be considered extreme but were selected to accelerate
the corrosion process.

In view of these results and the present information as to the toxicity of
electroless nickel to hunlans via ingestion, the use of electroless nickel deposits
for food processing applications seems feasible in many cases.

The extent of the corrosivity is influenced by the nature, concentration
and temperature of the corroding environment. Furthermore such conditioning
as aging and heat treating the deposits as well as the metallurgical and composi-
tional variables should be considered in selecting a particular electroless nickel
deposit. The data and results re-enforce the concept that electroless nickel
deposits should be subjected to a comprehensive evaluation in o rder to determine
ils functionality for a parliculal· application.
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Cadmium metal, a byproduct of zinc production, is of vital importance

to industry.

The end uses of cadmium for five major industrial nations* in 1974 are

shown in this pie chart in metric tons(1).

1974 Total: 11444 metric tons

Others -

(including alloys)
1317 tons
(11%)

A

Plating
3830 tons

(34%)
Batteries

1646 tons

(14%)

.---0

Stabilizers

1676 tons

(15%)

Pi gmen ts
2975 tons

(26%)

These 3,830 tons of cadmium used for electroplating would be sufficient

to provide corrosion protection for 700 million sq. ft. of steel.

* Germany F.R., Japan, United Kingdom, United States and France.



That was the position in 1974, and it can be seen that electroplating

is an important application for cadmium. This is a rapidly changing world,

but we must do what we can to ensure that any changes are made for the

better. Changes hastily made and for the wrong reasons can have disastrous

consequences. This workshop is entitled "Alternatives to Cadmi um Plating."

The purpose of this paper is to point out some of the unique characteristics

of cadmium plating and to demonstrate that cadmium plating should retain

an important place as a unique cost effective protective coating for metals.

Preservation of the environment is a matter of the greatest concern to

us all. The metals-producing and electroplating industries have demonstrated

their ability to meet the increasingly stringent environmental controls now

being imposed. The cadmium plating industry is no exception. The industry

is meeting its obligations as regards effluent control and the cadmium

plating process is compatible with high standards for the environment. We

can therefore confine ourselves to making a cost-benefit analysis to determine

what may be the result of using a particular alternative to cadmium plating.

Some of the benefits of using cadmium are not immediately obvious, and ill-

consi dered changes can be hazardous or costly.

What of the present uses of cadmium plating in the U.S.A.? The following

pie chart shows how an average annual consumption of 5,400,000 lbs. was

utilized in the U.S.A. from 1965-1974,

re



CADMIUM USAGE -_PLATING IRON AN[) STEEL PROI)UCTS FOR CORROSION
PROTECTION

2-11

Consumption of Cadmium in Electroplating By End Use

Ordnance

5.6% -7

,I
Automotive

Parts /Aircraft &

20.4%
/ Aerospace

/ Fasteners
Household

Appliances 2.31£

Hardware (e.g.,
hinges) 3.1%

Other

\ Industrial -#*-
\Uses\7.8% --

1 2. 65&

Industrial

Fasteners

19.6%

Electronics &

Communications

26.3%

Shipbuilding
-2. 3%

Average Values for Consumption from 1965-1974

of 5,400,000 pounds

Taken from Cadmi um Utilization Environmental Impact Materials and Process
Specifications and Substitutes by E. J. Dyckman, Naval Ship Research and
Development Center, June 26, 1975



In order that you may have an appreciation of the diversity (and

essentiality) of the use of cadmium plating, here is a list of components

which are typically cadmium-plated.

Fasteners Metal cutters

Nuts Turbine engine blades

Bolts Vanes and cases

Screws Piano wire

Washers Catapult hooks

Rivets Marine hardware

Nails Pole line hardware

Fittings Metal cutting machinery

Tools Cast and Malleable iron
components

Electrical connectors

Rifle barrels
Low alloy steel heat treated

below 200 K psi

Mortar Tubes Actuator arms

Carburetor Parts Be-Cu bushings and bearings

Magnet parts Compressor blades

Clutch throw out plungers Dissimilar metal faying surfaces

Aircraft undercarriage components Gears

Diode holders Shafts

Voltage regulators Splines

Electrical relays Shrouds

Textile machinery Stainless steel bushings

Tools

* Where the aircraft will meet extreme temperature conditions.

S.



Following are some of the U.S. specifications and standards calling for

the use of cadmium.

MATERIALS AND PROCESSES SPECIFICATIONS AND

STANDARDS CALLING FOR THE USE OF CADMIUM

Military Specifications

MIL-STD-171

MIL-STD-454C
MIL-STD-870

MIL-STD-889A

MIL-STD-1500 (CdTi)
MIS-S- 5002C
MIL-P- 23408A

QQ-P- 416C

MIL-C- 8837

MIL-C- 81562

MIL-C- 0026482F (Navy)
MIL-C- 005015F (Navy) Contact plating
MS Sheet Forms including:

Nuts MS-9882, 9881, 51968C, 51967D, 27040B

Bolts MS-9088-91, 9146-51, 9441-48, 9451-57, 9458A, 9459A,
9942, 9926, 9941, 9927, 9928, 9946, 9929, 9947, 9944,
9932, 9937, 9933-36, 9914-18, 9688, 9689, 9691, 9693,
9924, 9518-26, 9530-37, 9217, 9222, 9681, 9938, 9920,
9919, 9208-14, 9219, 9221, 9223, 9680, 9682, 9683,
9218, 357548, 9400-02, 9397-99

Washers MS-27183D

Screws 90728C, 907270,51095E, 18153C, 18154C, 511060,90725C,
907268, 354588, 354578, 169980, 16997C, 24667A, 24677A,
24678B, 21318A, 9449, 9940, 9939, 9930, 9931, 9913, 9921
9527, 9516, 9517, 9216, 35206F, 35207F, 9215, 9206,
9207, 9528, 35190D, 35223B, 9184, 9183A, 51975A, 24629C.

Industrial Specifications

ASTM-A-165

AMS-2400M
AMS-2401

AMS-2416

AMS-2419

AMS-2426

Cn



Let us now consider the special qualities of cadmium plating which led

to its use for these components and very widespread presence in military and

aircraft industry specifications.

Plateability

Cadmium plating requires only very simple control of plating solutions.

It is less demanding as regar·ds surface preparation as compared to zinc. Cdst

and malleable iron components are easily plated with cadmium in barrel plating,

because cadmium electroplate offers unusual ability to bridge pores in the

basis metal, cadmiuln ' s hydrogen overvoltage favors the deposition of cadmium

rather than hydrogen.

Corrosion Resistance

More resistant to some corrosive environments than zinc, cadmium's

corrosion products are always less voluminous, reducing the possibility of

cracking bolted joints or binding sliding surfaces. It shows greater resistance

to wet storage stain.

In bimetallic couples, the following table allows comparison of cadmium's

role<2). Metals with a relatively large difference in electroae potential can

be effectively Separated by cadmium, 1-he electrode potential OT Cddinium in

sea water is 0.43V; lying between aluminum, 0.52V; and mild steel, 0.34V. That

of zinc is 0.76 volts.

Cadmium and zinc are the only two plating materials which can provide the

benefit of galvanic protection for steel. ihe position of cadmium in the electro-

motive series means that it is able to provide galvanic protection to steel but

since the difference in potential is relatively small there is no tendency for

cadmium to "overwork." Thus, while it will not cover a large expanse of bare

steel with its protection, it will provide long teriii protection, and without



undue production of corrosion products. Tin plated steel, when exposed to the

atmosphere, wi 11 rust over·n'ighl because t.in is Cdthodic to steel and will induce

severe corrosion because a large area of tin (cathodic) is related to a small

area of steel. Plating w·ith cadmium before application of tin will prevent

this problem and provide a corrosion resistant bright finish.

Cadmium plating of copper alloys, stainless steel and aluminum provides a

long lasting finish because the galvanic couple does not stimulate aggressive

action from the cadmium.

In general, cadmium is the preferred galvanically active coating for use

in "factory" atmospheres.

Effects of metallic contacts on atmospheric corrosion

Affected metal

Number Investigated metal 12345678

1 Carbon steel, cast iron

2 Stainless steel

3 Nickel and nickel alloys

4 Chromi um

5 Copper and copper alloys

6 Aluminum and aluminum alloys

7 Zinc and zinc alloys

8 Cadmium BBBEBBA

9 10 11

-BDBBBAAAB B

A-AAAAAAAAA-B

AA-ABAAAAAA-B

AAA-AARAAA A

ABBB-AAAAA B

BBEBC-AABA C

CCBBCB-BBB C

AAB

9 Magnesium and magnesium
alloys CCGCCBBB-C C

10 Lead, tin and their alloys ABABBAAAA- B

11 Silver, gold, platinum
(rhodium, palladium,
0smium, iridium) AAAAAAAAAA -

Columns 1 to 11 correspond to the description on the row with the same number.

A: There is no effect of contact of the metals on the corrosion of the
investigated metal.



B: There is a small effect of contact of the metals on corrosion of the

investigated metals but is is significant only in very aggressive
atmospheres.

C: Strong effects in outdoor exposures, and also exceptionally, in aggressive
indoor climates.

One alternative to cadmium plating is zinc plating. V. E, Carter of the

British Non-Ferrous Metals Research Association (now BNF Metals Technology

Centre) has compared the corrosion resistance of the two(3). Greater coating

thickness of zinc can be used on account of its lower cost but cadmium per-

forms better in contact with aluminum and in enclosed spaces in high

humidity(4, 5, 6, 7), especially at elevated temperatures (tropical con-

ditions). Where coating thickness must be kept to a minimum, say 5 pm,

cadmium performs better than zinc under marine and alkaline conditions(8).

It is 2 or 3 times Inore resistant to organic vapors from electrical

insulation(9) and is more resistant to the formic acid from paint films.

In the textile industry, zinc corrosion products can cause deterioration

of some fabrics whereas cadmium has no adverse effect. In the weaving industry

in the U.K. cadmium plating is regarded as essential for protection of fasteners

and pins in water jet looms. High humidity in the conventional shuttle loom

weaving shed can lead to corrosion which can jam machi nery solid over a weekend.

Cadmium plating provides better protection and a necessary supplement to the

lubrication used. Parts which are to be disassembled after service in a

corrosive environment should preferably be plated with cadmium. Bolted

connections will not seize and electrical conductivity will be maintained.

When codeposited with nickel, a corrosion resistant coating of unusual

quality is created(10), P, S, Willcox of ITT has commented that the inter-

metallic compound formed between nickel and cadmium seems quite unique as it

has a high melting point and is quite low on the electromotive series. Ni-Cd

CO



diffused coatings are used for compressor parts in low alloy steel (max. U.T.S.

140 Kg/mm), 12-14% Cr, 18-8 Cr Ni steels and nickel based alloys. These

materials are less susceptible to hydrogen embrittlement and permit the use

of dense cadmium deposits(11).

Low-alloy steel parts which operate in jet engines at temperatures up

to 1000IF have been protected from corrosion with 0.0003 in. (7.6 Em) of

nickel plus 0,0001 in. (2.5 jIm) of cadmium diffused at 630OF (332OC)(12) for

one hour. This coating could withstand 100 hours salt spray without rusting

even after 23 hours at 700OF (37200) and one hour at 1000OF (539OC) prior to

exposure.

Three independent studies have shown that chromate-treated cadmium over

nickel offers the best conductive corrosion-resistant finish for aluminum.

Recent work by McDonnell-Douglas has shown that for aluminum a diffused

cadmium over nickel coating, proprietary to Stanford Applied Engineering(13),

meets conductivity requirements and successfully passed 816 hours of salt

spray exposure (salt spray tests to ASTM 8117-73). This may be a development

of the R.W. Moeller technique(12, 14).

Jankowsky(15 found cadmium with chromate conversion coating over nickel

to be a superior coating for aluminum (6061 T6 panels) and advocated its use.

His testing involved 25 cycles, each cycle consisting of 16 hours at 200OC

(3920F) followed by 32 hours of salt spray exposure. That is 800 hrs. salt

spray plus 400 hrs. elevated temperature exposure.

Willcox has shown that cadmium, with chromate conversion coating, over

nickel on a variety of aluminum alloys, 2024, 2011, 7075, die cast A380, and

6061, has successfully withstood 500 hours of salt spray exposure(16).

t.0



Torque Rfsista.nie

Cadmium-plated components have an inherent lubricity and demonstrate

lower torque resistance than zinc plated components(17, 18) and exhibit a

more constant torque resistance than is the case with lubricants. In some

cases, this will be a vital LOW,icipr·alien. A cadmium plated part will not

gail when in sliding contact. On this accounts if an assembly is to be subject

to corrosion and then dismantled for mdintenance, it is necessary that cadmium

plating be used.

Formability

More ductile than zinc, cadmium plate allows easy forming after plating.

Electrical Resistance

Cadmium has a relatively low electrical resistance(7) even when provided

with a chromate conversion coating for additional corrosion protection.

Jamming

Cadmium corrosion products are closely adherent and not voluminous.

This reduces the danger of fouling switches and relays and makes cadmium

plating ideal for the return springs in automobile brakes and clutches and

for hydraulic rams used in the coal industry.

Solderability

Cadmium surfaces are excellent for soft soldering(7. 8, 17).

Appearance

Cadmium retains brightness for excellent decorative appeal.

Hydrogen Embrittlement

After cadmium plating from cyanide solutions, high strength steel, such

as is used for aircraft landing gear, can be baked to eliminate hydrogen

embrittleinent. In general, hydrogen can be baked out through an initial

flash of cadmium of thickness about 2.5 inicrons (.00005 mils). Because



cadmium can be placed at approaching 100% efficiency, subsequent cadmium

plating can be carried out over this initial flash without danger of hydrogen

embrittlement(19),

High Temperature Operation

Cadmium plated steel parts can operate under stress at temperatures up

to 900OF (482OC) provided that d nickel undercoat is applied before cadmium

plating +followed by a diffusion baking operation.

fompatibility with Adhesives

Cadmium provides an excellent bond when adhesives are used, this is true

even for passivated coatings. Problems may occur when passivatea zinc coat-

ings are used and expensive adhesives may become obligatory. A decal placed

over cadmium plating will not be displaced by any corrosion products.

Conclusions

When considering whether an alternative for cadmium plating can be

justified, it is not only necessary to consider carefully what cost penalry

may be incurred, but to pay particular attention to some of the above vital

and beneficial characteristics which are not always appdrent dI first sight.

Cadmium electroplaters can comply with needed pollution control regu-

lat·ions. We, therefore, question une need to develop "Alternatives to

Cadmium Electroplating in Metal Finishing."

Cadmium electroplating need not be a threat to the environment ana we

must be sure that we do not risk failure of life supporting components because

we have not given careful thought to the implications of finding alternatives

to cadmium plating.



REFERENCES

1. "Cadmium - The Metal of Benign Neglect", R. L. Stubbs, Cadmium Association
London.

2. Table 13 "Protection Agairist Atmospheric Corroion" by Karel Barton,
translated Dy John R. Duncan, John Wiley & Sons, New York.

3. "The Choice Between Cadmium and Zinc Plating for the Protection of Steel "
by V. E. Carter, Metal Finishing Journal, October 1972, p. 304-306

4. P. T. Gilbert, BNF Metals Technology Center, Miscellaneous Publication
No. 457, 1954.

5. P. T. Gilbert and S. E. Madden, Journal of Electrodepositors Technical
Society, 1950, 25, 41.

6. F. Obgurn, Product Engineering, 1949, 20 (12), p. 135

7, S. J. Beyer, Plating, 1960, 47 (12), 1361.

8. P. F. Norrish, Corrosion Prevention and Control, 1957, 4 (8), 51.

9. G. Kloetz, Galvotechnik, 1965, 56 (9), 514.

10. Kudryavtsev N.T., IX Intern Kolloquim Tech, Hochschule Illmenau,
Galvanotechnik 9, 10 (1964).

11 "Diffusion Characteristics of Heat Treated Electro-Deposited Nickel Cadmium
Coatings and their Effects on Micro-Structure and Hardness of Cadmi um",
thesis by M. P. Malik, submitted to University of London, April 1975.

12. "Diffused Nickei Cadmium as o Corrosion Preventive Plate for Jet Engine
Parts" by R. W. Moeller and W. A. Snell, Plating, 42, December 1955, p. 1537.

13. "Materials and Processes Design Data", Bulletin No. 10-02, Dept. E 457,
McDonnell-Douglas Astronautics, St. Louis (1975).

14. Aerospace Material Specification 2416, Society of Automotive Engineers,
New Your, 1968.

15. E. J. Jankowsky, Report No. NADC-76274-30, Naval Air Development Center,
Warminster, Pennsylvania, 1976.

16. P. S. Willcox, unpublished research 1976-7, ITT Cannon Electric, Santa Ana,
California.

17. D. N. Layton, Frans I.M.F., 1965, 43(4), 153.

18. G. David, Corrosion (Paris) 1969, 17(7), 343.

19. Private communication with L. Morin



MCDONNELL AIRCRAFT COMPANY

ION V.\1'014 1)[.I'OSI I'lil) \L{JAIINIjkl l'()All,NGS

[4

H.R. F.mnin

McI)omiell Aticraft Company

Dept 247, Bldg 32
PO. Bi>. 51(,

St. Loui5, Missouri 6.1166

Al'glt·,ic·I

A process Iti, the applic,ilitm 01 d ent, it ililt,11,1, a d very :,illte ie i 1 4,1 1, 1111:Illint el I:,[iligs 11:,h Nellievell produclion
stalus and cait be ed [li wpllice C.,dmmm :lim,al e\Clilblvely The ploced 14 3 vacuum mciolli/ilig process :ind is le-

le,red lo .15 1(}11 Vili}lil ilel),ihiliwl Alill,11,1,11,1 obiltillp> ian be liNed :it lempelatilles 111) 141 925"1' (·PIW'C), wheleah
cadi]Imm ix litailled Iii 15(1"1 4 2.4."'C) l ili' 1,14:ce., c.[,1 lie lised 11,01,11 hir,11 hale'ligth xleel witlia,ail le.,1 til l,yillogen
embiltllement. Ilian .119, be t|Sed Itio,mact *1111 11[:Illittin with,im C.Illy:Ir, sollil metal embll,lk·Illell[.Cadmium]S
plohibited fur this .application. Fill:illy, ion Vapol depublaton is a clean: 1,14)Cubs :Ilid doeh not coutrilitite to any
ecology· pioblems.

Del.,ils iii Ille ion v:11,01 deposl 1 1 H pweesh, pell' Illii.mee d,11.1, :Iml ci,I ren[ 11,1,dlle| lon :11)1 11(41[ Il Ills .11
Mel),umell Ancial-[ Compal y 4,11 buth N.ivy ,ind Ai, 14),Ce 1'1 g .lilli will be discusbed.

MCDONNELL DOUGLAS CORPORATION

1



MCDONNELL- AINCRAIV- COMPANY

Iliti·(,tlltl·It(,11

Cddlitllimelectiophtling was the lavoled melltud lin 111,11(Clmghteel oil:,ircl:Ilt htilictuie ful inatiy yeurs.
Obrkius 11[oble, iij with N. ilie wele Illinimal ptiol i  lili u,· 01 high ,|kngth .1 111]limlin und steel :11!uyb. t'admium
1,1.Ited l'Nellel, 111,1.111Cd i,1 1,1211 wiellgall .,Illailinum .111(,y, lic'ped pt i,Imile e\I„Il.mon col i,ilon iii Ilte counteisink,
and hydrogen emb,1111·In·Ii[ 1,11·,1 (,Cculled Ulten el·,11*,1,1. imguidmill,1)(}Il |ligh h!,ellgall NIce[. More recenily H
11.13 1¢CCIVel| IllillICI Jl,F.IVE,1 l.·4·.Iii,c it w.ji l„I|in| t,| c,|I|„ ,„|kd |:|, LL|i i |i|i|tllle]Iici,l )1 1[[,1111llt,1 Sttlkttite itild

becittise· 01- 1[1 1011 ·i l y und 1111 mi lll el le: [b lill the envt[, )till ici l l.

I lowevei, 11 w.1, 11:.milY fi [lic Ii,3, [wo ie.nu,i, ili.il we :i[ Al,1 )„miell Aircial l ('„mp.my (a division 01
Mel),naticll 1)11,121ti l '11414,1 m i ) ,1.tiled 1,1, Iking 1-„, a v I.ible imer i.,ic boil cad„ alll til 1,1 the cally 1960'5. Aftei
extenbive paper blitdie,, al,Lii,iritii,i Co.Il[!Igh wele he|.·cted .IN Ille beN[ Ill)6[1[tile- 150[1g tile le:Ibl dibilillihil ti,

all11]limlill .111(ly Ntructille, it is ide:illy Ctillip:1111)1·. i kil[|letilinte .1|11111111,1111 11 :luodic 12} hleel :lilli provides galvanic
rn,lect,ni 36 il„es cadinli,111.

1 [ w.lh quicklv I wild Ill:la :iv: liable [ 11 CLS,Ch |ill .11,111> 1112 :11 1 111111 11111 41).1 lings s[1011 a, i e 171 Jpraying, electro-
platmg. cliddmg, hot dippling .ind "thet, 11.,d ,even· 1  u[:mon, iuch .i thickiness Comiol, dill Chion, si/e .Ind bliape of
prodile[ Illat culild be coated,.ind ellect wit subht ,itc p[, ipeitle'b.

Dilling thih s:Ime pe 11 d we h,id ·,cleaed V.,L l,11 11  del),0,1 ted L .11|Il,ium .ls the· Cout  g h I Milving the problem of
hydrogen emblinlement 1,1 lugli stieng[Ii .teel. 01,1 11, I,l|lli[1,}Il expelle],CC walll the V.,Cuum Cadminm Co: Imit process
W.14 vely favoihible. 1·01 Illib le.lhull we 31.ute'l| 1 01.Ii]K :11 v.lcil 1,1   coanng lit ,)ce\Xes 1 1 :1111 lailliill 11. This included
pliyJ,c.d val)lil dep,;%11 14)11. 14,11 v,lp, J, (|cp l|ki,11. :11Jd chle 1 11, .11 v.,pul der %1[10.11. 10,11 vap,)1 41 ·p# 7,il 11)11 proudell [ liC be.1
:id he. ion :illil Inost al 11.11  m Co:mi g thic·kne,s a d W·1111 ol lic i l i,I Ic li |el:i tion,h W :1 h k lecled fur 111,11 le I devel pment .

I'lle pellIrmance adv:111[ges 01 ton Vaptil dep•iblted(IVI)1 :1|llII[illum Imve hilice l)Cell Conlinued ill both lab-
malory :Ind bervice te·.14.illd Ille· plucehh 11:15 IC.1, hed pluducli,)!I ht:lilih. 14 high rellolm:111·C plotective co:ilmg m
It|bli ellvll„]Ill,elltally il·.1,1 111· Il.11(,wl,!2 1, thel,·|ww .1 de\, Nt}|Aill 01 tll· ploce)1, the equ4""clit, flic co.iling pel-
linmance, and illuxhatioih il lypical applkal „11,
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MCDONNELL AIRCRAFT COMPANY

1 )iNCU hsion

Description of ihe Equipment and the Process

IliC b.lbic e,Il,4„,1,'111 IC,1111:ed |(11 1(,11 v.,pul delia·.111<)11, c.lili·il [V.1,11/CIR ,11 Mel )"""ell. ih i, ,le·ri ch,,inbel,,1
plillipli,g hyble,11, :In ev.,pul.11!5,1, Mn,!Ce..Ind a lilgh vt,hage powel wipply A w·hemialic u[:i typtal 1VI) imn i) shuwi,
in Figtlie I.

N I GA 1 I V E GLOW -n\ %< -AF#
SUBSIRATE

11OLDEH

CATHODE

6:Fup,1
Ir 2. h

1

9

1 \ 67?61

- -:.ll]

astr

IJ - 29

-2.81,

I()

t

Clki.29:E-==2:«f»U--tz
1 - (il{OUND/  --EVAPORATOR

POWER SUPPLY

23>1 i
1 ALUMINUM 1 VACUUM

LVAPORAIOIC CHAMBER

.J- HIG,1 VOLTAGE
- 14)\VI H Slil'1'1 Y

FIGURE 1

SCHEMATIC OF AN ION VAPOR DEPOSITION SYSTEM

l'he prncess bequence· Con,iN[Ni>| pumping !|le 4\'41ern dowil [0 :Ilit,u[ 10 4 1,1,11. I'lie chamber is then black-
filled with .1,1 liwit g.1, 10 :,boul 10 1 Iiacions and i high iteg:i ve pole· liti,11.ilitilied between alte 11.Irls being coated imd
the evaputatum quince. The gals becomes kimied :rud cicates :i gh,w dihclye ·,tround the pails t., be en.lied. The
positively ch:li yed g:is ions bomb. 1,1 11 e sul f.[ce of tile p.1 1, 4 1 J 11,·110,1111 fu r.,1 cl e:1111,10. Tlie clean bui ltices res ] [ing
Lire e™cittial lor g od Co:,ling :Idhequal

hilli„ving glow discha rge c l ·.111,1 6, commei ci:lily av:111.11)1 · . I ll l,mill 111 wa e ( 11 (HI .illoy ) is evapora ted by con -
linuously feeding m to resistatice 1 eated Li ucibles. A s lite iluminum v :, 1),r 11., ske [11.11 gh the glow dicharge, a portion

01'it becomehioilized. This, m iaddition to bumbardmelit by the ilierl 8.13 ions, acceterates the alii,liltiitin vapot toward

the p.- sul 1 .ice. Thi lesulls m denser Cliating alld also impt i,ves 11 e c .ill g :idl iesicm. 1'1)2 11,1 twation als  pi ovides

bette, throwiug puwei· 411'LI allowN Comple\ bluqk·b io bc Imne 11111[tillilly pl.lied.

MCDONNELL DOUGLAS CORPORAHON



MCDONNELL AINCRA* T COMPAN¥

1/ Er/C,11 p|.I l 11 Ig e) Cle 101 ou ng i |C l all p. i b wotil il lf, ilihih i (d i l le t olluwil ig:

1 Pump dawn h. 10 | 111 13 „mulln
2 B.,Ck|111 w·,th mot p..1, 2 ii,ii,iex

i Glow /1.'ll.lip.e LIC.ili 'h 11'111'le)
4 17.ile- 10 nimul:b

5. 8.1:kl'1111.1 31111#)spliele - 3 111111111es

[he lot:,1 cod|INg cycle ie.ioneN :Il)k,111 4 1 11,Illinch.

Ariel Co,lung. r.1113 .lic gellern||v Chil,Ilt.,w „C.Ilid iii .|CC(1|ilil|ke will| Mll.-C·5541 (1<cle,unce 1). Illib pro-
Vido .1,|dition,11 1,1 , ) 12£·l wi, ,i p. tint . , u # 1,1 , i l i .11 „. pn,vi,lih a g" 1.1 b:I NC boil p.1 11) 1 :idl ti·Jit,11 .1 li d iN :1 c  lili  n

10,ilt/Cllic'll[ lul +Illl,Ill:11!Ill 'lu 1,1, ch

I echnical Ad¥:miageh

IVI).illi1111:,unt co.mitp h.ive „·ir:.11 adi.,ii[.igA tivel ulliel .4).[[Ing„:sed 1,1 1)1,>lect buth h[Cel .,1,d .1|11111111,111

.illo) p.ii h. Adv.11 1 1 .iges tiaclude

j.j likful le,141el.,Li,le 10 425"1· (-Pk,"C). C.idimum i· li,itited to 450'11- (232"C)(14·le,cnec 2 atid j
2. Iter!.ice ilil linvil mi ke| c.lilmmi ll .11 1 11,11%1,1 · bel ki -1,1, st, }11 pi l)IL·l lion at :111 31 I C gill levelJ.

Dil'Illhed i,ickek.,illinum l.|111111·d bi,[1·els|mving tic·,igiblevek beli,w 200.000<ni litc:ill 01

Ilydrogell emblittlemelt[,illd lish li $,111 Npi:iy lequile!11¢111 4,1 Ailll¥ 1[)01101114.

1. 1)•,e·3 1101 C.ilihe holid inet.11 Cilll}11111·111(111 01 111.iliwill. C.Idmium plating lh pli)11[biled.

4. Can be tied iii om[:ic[ willi luci (1.idizimm i, p,Ailtibiled.

i Pr ville, galvailli p , lection to, ,11(Illilm 111< ,illl,YA and d ies 13(01 cat,w litiglle Iddue[,4 111. Alli,dite

ct).Itiligh BM·ide .}111> b.linel w.il[Ilgpli,lection .ilid allhe kiliglli· ICiletiuil.

h. Call be applied thill,14·i al a  :il·[ad in, allillili lum .illuys les,Illillg in weight :,avings atid ib 11,01 limited
[t, loiled turiw..

7. Nenhel the 1}143,-ehh mn the co:,migcic:,de 14\Ic m.tic,talx und alicicloie du m,[ prebeni .iny eculogy

p l o b l e 11 j h .

Coating Performance

An eval Iiat,un ul' .1.1 dillurem c .,1  g, t,Ii |:Ihle, IC I h w.,4 11 I.Ide l)\ 11 le ,\11 I  Iice :ind (he Nav,il Ah Develi,pmen[

Center on service ;ilic,411'1 ( 1<ele,ence 4). 1Vt) .ifuimmu„ w·.1% i.lied as,itie .,1 111¢ hip 111[ee Ct>.iltii». I lie ulhel two

C{hallugh wew :11,<illte|.lili. .I|illillmilll .,).mil"N Ill.,1 „1|11]•'ll,N|1|rd e:jill||ll|,|||11.,led |'ij|elle,j

IV[)dmninulll!,ah(,It,dualle o).Imly:md Il.,hpi,[}CH<h Ill·.Il|y IdelllIC.I| 1,11*le.I|lilmillilli. We use tbree

cl#he, :md [Uo |)·peh „1 co.11||1:th Ihe l|.1heN ic|tn 1 .1.11,ni· 11]|L.ill·\·i .Ind tile 1) pes .11,1 .IN ol,ilcd, ,1:lil li. ah
coaled with a hul)I,le,Ilelital>· MHoll]:([elle.Ill,lem I)I,ell 1, p·I,el,dh Ined Int ie:ls,IM pievioll,ly mentiolled. Ille

coll,Non lest,la]Ice lequn·Clilent 1,11 type H 01.11111gl.. i 'AN,wl, 111 1,11.k· 1 10 414' vallous class Cl)41[Ingh.

TABLE 1

MINIMUM CORROSION RESISTANCE

REQUIREMENTS PER MIL-C-83488 (REFERENCE 2)

Class
Thick,iess Corrosion Resistance

(mils) (hrs)

1 0.0010 Mumnwn

2 0.0005 Mii,i, i mm

6/2

5()4

3 0.0003 Mirn,num 336
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MCDONNELL AIRCRAFT COMPANY

ll:13\ 1 C,).111,Igh :lie ilk·il 1,11 lugh le.,1,1>,7.1|(il·.1:ILIC\|ellut .arphi·.Illi),IN whele heve,· Ca)Il#,St,)11Clivlicillillents
dw ellcounieled. ('1.1,3 2 1, wcommended 101 1111·not p.11(3 wliele |Chh,eveli· clivil{)11IllelltN .ile· elki),Ii,Icied, :md

Clubb .1 b i,ged unb wlien LLINC Al|'1.111CCh .Ile le,pmed huch :IN IlliC (Illl·.lilell ]>:il l.

Ntittlelous C,Jili).Ii,li te·NIN 11.li· b:en pelli,Imed (Ill IVI) illiliial,lizi coatil,gs by Menturnell, the Ai, 1 orce,
[lie Navy, the· Anny, and by 1,[lic, compat,ics. A. lisinil with Collosion [dining, [here is a wide range tiC nesults. Some
gelleint Conchwimb C.111 be ill:nul. h.,wevel, whmv Callimurn toi comp;(lisoll.

Con-lision [ChtillE ol- binglit clecti plated C.Ill I lium 411 4[CCI p; lels all i g with IVD Uhuninum ul comparable
ducki ie·36 m 51· gil :,piny· pe, I cil· in] St.illd. Ill No. 1 15 will gellei,lily hhow Calitilitum h , be better. Ili,wever, illa
Scintch 1% ill.]ile (Ill,)tigh alle.Ii.lilligh 1,1 ilie witihil:,1.·3, the C.admiwili will gellci:lily h:icillice ilsel['mu,e quickly and
all.iw ied rn,110 Ii,im below the IVI).ililillilillill

R/,l!|IN obt.Ilized Ill I.,11,1!.ilon le,Ih whili ..Nhilillill .md |VI) il|,Ill,Illilll; CO:lied NICe| I:Ihielle'll weIC IliNI:illed lil

7075- 1'i, .Ilii,1,1]imii .illin .Iia.I e\p.:,ed i., St), - al[ Vil: \ 101 1 (,8 liciti]  :iii jliown iii Figuic 1 The cadmium 1,17[ed
t.i,Lenci heil.Ih .Ile mow K·pe,Ch ilibled. Mole 1111Ii,)11:1111 1, tile condit[,111 1.1 Ilic Counteihink m the ilillilinum. 'llie
IVI) .ilitnumim 11:r, piuvided ptuicai„n in (lic,,mmer,mk, wlide [lic cadiumnic,i,[ledl:,htelien appeal m have
luumited Lcill,13116!I li| thi· c IN:11|el MILI,3

Aluminum Counter·sinks

4 I '41 Vil·W} (G x)

(Side View) (100 x)

Cadmium Plated

Fasteners

Aluminuin Plated

Fastei,ers

,4

GP77 0982-13

FIGURE 2

IVD ALUMINUM AND CADMIUM COATED STEEL FASTENERS

INSTALLED ]N 7075-T6 ALUMINUM ALLOY AND EXPOSED

TO 168 HOURS OF S02 - SALT SPRAY

Illele die .119, advamageb lut IVI) Cod|Ing lit:Imull, 1-tellen MAilled ill .lhummunt slluctltle. A Coilpaliho Was

in:,de between IVI) .Ruilit],itin cimied [immum Ul,teneihilist,illed illy,und b.aic Ii[Jilium [.I[eneismstallell Willl wet

cpoxy pnine, 1-he I.iller i, .1 w:ind.till painceduie uril un :,ircrall. |'|Whe [':IN(ellers wile ill,1.11|ed lit 7075-'1'(, al,itititium

al[03 thut had been MIL-l' 5541 ticated. Al-[ci l Mencl inslal!.ition the pinel was hi),ayed willi i)tie cual 01

Ill.-C-23.377 pitine, and e,p hed 1  SO, sall Muny 11,1 2+4 dhi). Vibu:,1 e\:Iiali,1.mou showed [12:11 the blablenng
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MCDONNELL AIRCRAFT COMPANY

of primer a,inind [lie penplierie ol alic l'ahlene'lillistulled with wel plimel wab more severe th,m :tiound the IVI)
alinummn coated liaslene, b. 1, i.i,11,1 lan,m ol' tile c nmic,Ki kN al ler I :Ixle·IiC I lit n Val :11%  sllowed le.% C i obil)Il

tesul ted where the IVI) c a ted I.litelle,% Wele Ill\talled ( | tgule 3). Saltilies 41[ Milli),Ii ell h:1¥i' ,1|bl) 81 Wl, 2 Ct,bl

advant:ige of *wgIV|).,hummm: ctinted l.istellelb m helli)1 Wet illbtal|J[!Oll.

I . I . i #0
IVD Alummum Coated

Faste i,er

Bare Titanium Fastener

Wet Installed
GP77-0982 14

FIGURE 3

CORROSION TESTS OF IVD COATED AND WET INSTALLED TITANIUM FASTENERS

IN 7075-T6 ALUMINUM ALLOY COUNTERSINKS

(natillgailhewon .Ill| [Ing·knes, unilirnilly .,iC,„Ill').Hable lot·le.tic,i,1all,Ig. Ilw .idliesioil wqulle,Ilellts are
tile sanie us those specified m Reterence -1 10: c:,diia] ili] electic,jilating. An example lit tile Coiltilig unifurnlity on
u fustelier is illustiated in Figuie 4.

SHANK

24%

426·Pl
THREADROOT

FIGURE 4

IVD ALUMINUM THICKNESS DISTRIBUTION ON A FASTENER
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MCDONNELL AIR€304AFT COMPANY

A 101 01- fustenel qn:lill ie:mon d.11.111:Ih 11·Cil gent·1,1[ed (,11 11IC lise .1 IVI) :Illl!11111Ull, ( 1<2121·C llce 5). A lltllilialy
of [110 le·hah pell'olmed 1% |IMed m l',Ilil· 2 1'111, d.ll.1 li tul) vil|Ilillilli,tlh [,1 ple'.Cil[ here, howeve, the Conclublons can
be immum ved A 1-ollow·h

1 IVI) .11,11,11!ium doe. 1,01 liI.)41UCC,lily deli 1111:111.11 ellce|6 (111 tile 111¢C|lill,IC,I| prnpil |les.
2. 111- uiellicic!11 01 Irn lion iiI :1111111!lillin 1% |Ilplin 111.111 admill!11, 11IC,Clole, highel Inhtill|:Iljoil 1-CCS

.Ile lequncd 111... Inglle, v.,luch. Ill.weve-i..liz' within ille wiuki,ig i.ing,o. pheicinlY 11-·ed 101 C.Id,11111111
In Imixt CalheN Illiel le,ence 1111:ilenet. 11.ly ie<lilite cli,321 attention lo tlic type ol lubricanls used.

TABLE 2

FASTENER QUALIFICATION TESTS

Mecliat,ic.,1 11 :stai lilli O,1

[ensile Stle,19[1, To,(tue Tension

Double Shear Locking Toique

1-e,151<1, F.i[Ique Hcusedlnlity

Stws:, Diti.ilulily I,it<.Ih,ience Fi[

Stless H plwe

Production Status

I'lle firht M.,ductiO w/c C„.itcl w·.n spoin„,·d In Ilic Naval Al, Svue,il Comni:ind and dellveled h, the N:iva[
An Rewolk hic,Iny at Noilli ld:,ild, S.lu l),ego, 111 Apil l•'74.111,11&,1' 1111·, coliti:,ct lic·noil,1 numbel 01-our aucialt

pal[4. 17011, 5[ec| and :[|linl,Ill,Ill.·(Ill,ponellth. Wele r|:lied adev.,111:Itt·d. (,1.,Imglilli|rnmity..lithes[(,11.,Ill[ Corrosion
perlorni:mic *cie .dI ve]>· ··.illil,ul,in Ilin, umi w.i: -1 leel ill 111.lineki .md X lect |unt'.Ilic| 1..|low··11111 1 14111: 3.

Al al),}Il [ Illis h:mic Imic .a llew .Ilipl oadi w.i. L„Il.:licil lol -1.1111'r. :111.111 p.11 [,b l,11 .i Ilic,le eck,lial:lic.11 bast).

I'lie lechmque IN %111111:11 1„ bancle|·l·m,r|,1[111# 11111,;,1 rail:lll' plal·d m u,1:11111# ballehovel Ille :duminum
evapor:ition holl,Ce. 1·01|l)Willg con·pt,m| ve! 11Ii.[ll,in 111 Ike 1.11)(latilly, a 4 lout J[amele, by 6 loot |ung %>·Stern
was debigned und kil),lcated. 1 lic unti It.tb heen lised £ i demonx late the luu.esb ;ind.is a lesl bed fur design devil

1)plnelll . The hyhlem 11:IN Cvt,Ived lium ulle ba l l e| Il l I wil hai l l'IN pel imal, dou bling lili outrlit . 1'lodlicili,la Cap,icity
wah Ill.·le:,td |talltle, 14 rl.willy\.1.lill,Il 10,1. all the leed .ill,1 ill .Al.1,1,,· ell.1.01 Ill: hwhI·tll (I ll'me <,) 'llalhal|,An

fuslenet s to be loaded atid mil, :i dell wl [ I l m ki eakinK i lte v Licill il li a J ledilecs t he lot al co i tmg cycle by about
50 pc,cent. A Silitil:ir unn iN .111·d t] 13 > cal al a 1 :141 mel 11 ).1,1111 ;Ic [111·el. The Vol-Shan Colporaill,11, Is abili shown

1111'41"le i

h ly m 1976 2, 1: iKe det.111 1):'Hab c .iici 7 teel iii Llt.imele, and 12 fecl 1,)11, wa 15 titled in  111 maitul .achirii,g
1-acility C Figuie 5 ). Apploval Inid bcci i i 1 lil lined lium the A i, 1·11, ce ki use i 4. I val, i deposited :lill,13 11 tum coillings oil
ihe 1·-15 1·ligle. Fatigue impinvement aitd econ imi h wrie the :11< [ivitilig le:ih(ilis. Sallfunc :kid :modi/e coatings
wene :epl.iced im littigue ciilical .,ILInlit,um wingskil,5. 'Ilin,Chill·dilia l.,[igue 1!11[lit)vellient without .Ides,gn
Conligul.In u Change. It alho eliltjal l.tled :1 Jllot pecilli,A , )1ri:illoit, le,Ulling In :1 27}01 savings. Ill addmon. IVD coated
low .1110) bleel wah HNed to lept,(Ce Ing|wi CoN] il.(111|L·n htee! CompoIICI)1%

IV| ) ,ihillillium th plehellil) lieilly 11.bed,m the l'-4 Anci:111 :Illl ih :Cqulled lin 11:.e till l|le 11:Ili lel :Illd the F-18
I loi llet.11 will be Ille piltinly Cul „81011 I),a,ieelive [il.,Imy on the l: 18. (1111111, :inct:il l it will be latili,ed on all
fuligile Clilical.Illiminum htlilcallic..I||Ilighh[19114111,leel H,Clille :illiti,Illil.lillilll!,Illillow alloy.bleella.iciter·s.

A uni[ 11*AR, been lablic.nell linde, conliact wilh ilte An I·,i, ce Nt.ile,nil [.:,bulaton', Manulactu,itig Tecluiulo2

1 )19,1,)11. 111, u n n ib [), Chel [ ly .1 M el ), n i,e l l il i n[ t s le l l ) 1; LI N ed l u di v e | i p p l i mill 1 3.11 .m w l e l s .l i l li |11 l u i l l ie ttli- Cl),i t il i t
buth ..10.111 ,ind engilic p.lith U will bC litili/·LI 111.111,|> .I..1 wpl,1·ellien[ 14,1 v.[.11,1111 1|eptihited L'141111111111 (ilt Ingli

hlienglh Nteel pall. Thib llilit is b leet lit l|1.imelel :ind 10 leet |ung(1''igule 5).
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Naval A Rework Co· ie Barrel Coater

¢M kit

McDonnell Production Coater Air Force Coater

GP77·0982 15

FIGURE 5

PRODUCTION COATERS

GP77·0982-16

FIGURE 6

SCHEMATIC OF BARREL COATER

\ 11'li,log.'apho' .1 lew 01 ilic airciaft and engme parls tlial liave l)een coated al Mel)01£11(11.ie sliow,1 in
Figuk 7. 111·ic tial., .i Int ofumciew iti :,luti,imini 0,:iling™ulside Ilie.ilicial-1 i,1,!i,Iry. A lew exampt„inchide
complile! dlho .C,inhallake, 8.Ill|waw,alll molive pall h. space 'ble®,el·illie.1| Compone·lits,apill:inief. etc.
F \,allille·h I N:Imple p.lit h L ,}.lied I I ev,Ilu:alion :le· dic,wil m [·tyllic 8.
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Engine Mount Bellcruik

Wmy Skiii

4{#Aisililillillillit

Landing Gear

'm!1»'

Stator Vane Assemblies
GP77-0982·17

FIGURE 7

IVD ALUMINUM COATED AIRCRAFT AND ENGINE PARTS
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Miscellai,eous

Hardwa, e

t.4, {;i

If€40:I j

4 42 54

3 ./4
4 b

.

r

FIGURE 8

IVD ALUMINUM COATED PARTS

Ecotiomics of tlie Coating Sybtern

Opel.Ill]IgcoN[b ol Ilie IVI)Cipup,Ilell[ |ill Ille 'lit„l ptil-1 c:iii be geliciall/ell 'lito llilee calegories labi,1,
matei lib and i,[ilii ll, 1 .11) Ii- iN like dii, i illi.liII C il l ie 14,1 and each hyxIC lu „ dehigiled m be .i t)lie mun, ul lew,

upel :mon. Malet ials, ind Mill 11(5 L' h s ill e a l i,iictic,11 of cuater vi/,e .ind pl.il ing ieqi iieinents, liti[ when combi ned
win|h Itul behu·- $ 4.111.1 "1-' po 11"411 01 1,1" 1·11"m

In eithel ike b.ilic! 0, rack c,),11·1 the pl.illlag rule 14 apploximakely 0.1 nn| pel Itttllute,

1'1,1111111 cap.lell,· M :14 |·Ct b> h leel b:111·1 01.11 ·1 IN,I1li,\Ill,ah·h· 12() pmlid.4 1:INIC,len pei houl. Plaling
c.,pa.il) hil .t i.ick t>k. 01.,le: dqkclk|. 111),in tlle 31/e .1111[hli:lpe M tile p.,in. A {i kel i)y ll)teel o,ate, with :i

1 n ls| .1[ingevap )1311, In houl ·e· c uld c .11 all  1111· r: I 4 1|131 Could be p :ictically i acked in one b leet bv 101-l·Cl

pkitie iii·e.1. A catil.uw 1.Ick N,i.Itilty ovel 11 It\ell evaporimon vitice ha:, lighel opactly· dependrng lip,)it part blze.

COnCILIbiOns

10,1 v:lpal depah,led :1111111ill,1111 13 :111,gli pell{)1111:mee ploleclive Coatil,K illid is a viable :|le,11,Il· h,1 cadmill,11

plaung. Il,Nmolecomp:,1111|e w·111,41|11Ill!1111111Ntillaul,· .Ind MIH,lil/Chlhe prohk·In ofgalval,IC Cornon whell l,ing

dishimilal metal fustene·,h suCII ah h|:Illitchb hleel ;uid lit.,IllIlli ll|loyh. 11 duch iml e:,lihe hydroge,1 embriltlemem m

1,Igh htlengill weet :l|loyh (,I holid mel,11 ellil)!Il[1·Illent o| litailllill alloyh. 1111:,sa Ingliel whelll| telll}elntme 111.lit

cadmium Und ali all impullam COn>ide:.iliENE n d•ke, 1101 crnmibme i., ilic pultulion ofilie envi,imnklil.
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Rel'cielin

L MIL-C-5541, Milit:i,y SPecilic:mon. "Clic,itic:,1 ('i,iveigion Co:,li,igs 1,8 A|l!11!inum Alloys".

2. Mil.-l'-8.1488(USAI'). Mililaiy Specili,·,ittiui. '·('0.,ung, Aliummun. 1,,Ii V:ip,ji l)el,+Nled".

3. QQ-11-416, Federal Specil'ic.11  ul . '('41.11 1]11 iii 1'1,1 1,112 ( 1· lecti idel)l)4led )."

4. "Cono,ion Perlorm:meetil New· 1.Nenci ('0:11,014&()Il (}pe'lation:il Milil:,iy Aticnift". 1':ed ll. Meve:.6.,

[idwaid Janki,why,liilei,mli,>iial ('•ii,iIi,n 1·oinm, NACI·, M,ticli ]41.1.

5 MCAIR MAIN) 1<11) Rei-1 N. 11> d.,h·d h I clun.in· 1975
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