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Precision Etching of Thick-Film Circuits of

*
Aluminum and Aluminum-0.1 wt?% Copper
Harold J. Wiesner

Lawrence Livermore Laboratory, University of California

Livermore, California 94550
ABSTRACT

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 aluminum films (0.011 mm)
are often used to produce the necessary circuitry, These films are suitably
masked and etched to make the conductors.

Conventional etching methods for aluminum or aluminum—-0.1 wt% copper
do not yield conductors with a well-defined, reproducible cross section.

This results in unacceptable variations in electrical resistance. For this
application, we have developed a new etching solution that contains 25 to
50 vol% polyphosphoric acid, 75 to 50 vol% oxthophosphoric acid, and 10 to
30 g/l ferric chloride.T Etching may be done at 55 to 65°C, but for precision
etching the temperature should be controlled to *1°C. The solution is useful
for dip etching of aluminum circuits. The paper describes some limited
production experience with this etch,
%
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INTRODUCTION

Vapor—-deposited, thick aluminum films (0.011 mm) are often used as
conductors in high-current applications where the resistance of the aluminum
conductors is an important design parameter. An example of such a high—-current
application is the aluminum exploding-bridge used in some nuclear weapon
detonators. In this application, the resistance of the network must be
accurately known so that the individual bridge will receive the proper firing
current,

Conventional etching solutions for aluminum do not yield conductors
with a well-defined, reproducible cross section, which results in an
unacceptable variation in electrical resistance. LEtching can leave aluminum
conductors with a trapezoidal or curved cross section or foot, or can undercut
the photoresist (see Fig. 1). The ideal etch leaves a perfectly rectangular
cross section. Thin-film aluminum circuits are usually etched with a mixture
of phosphoric acid, nitric acid, and water, at 50 to 55°C1. However, for
thick films we found that this etchant was unsatisfactory with the Shipley

*

AZ-340 photoresist. The resist lifted badly during the etching; furthermore,
this solution produced Lapered edpges on the elements.

Several other etching solutions were considered. 1In 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 mm) elements.2 An etching

*
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Department of Energy to the exclusion of others that may be suitable,



solution containing concentrated hydrochloric acid, phosphoric acid, and a
small amount of ferric chloride has also been {ried.z Al though this solution
gave good, straight edges, the bath was unstable and, therefore, not suitable
for production applications.

We have recently developed a simple etching solution consisting of
orthophosphoric and polyphosphoric acids and a small amount of ferric chloride.
This solution gives pood edge delinition and is stable over a relatively long
period. Wide variations in the concentrations of the constituents do not

seem to affect the etching rate or edge definition.

DESCRIPTION OF OUR EXPERIMENTS

In the initial phases of development, The Bendix Corporation, Kansas
City Division, supplied thick films that had been made by physical vapor
deposition of pure aluminum, or aluminum-0.1 wt% copper, onto Kapton.
Deposits were produced using equipment manufactured by Davis and Wilder, and
Endurex. After deposition the aluminum or aluminum alloy was cleaned and
dried and the photoresist (Shipley AZ-340) applied and baked. The pattern
was then exposed and 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 ecm) and etched in baths that contained 500 to 2000 ml of
solution.

The etching solution was stirred with a 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 microscopically at 20X. If there were
areas where the aluminum was not completely removed and the elements were not

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



observations were recorded relative to the edge condition, a typical element
was photographed, and its width was measured. Circuits with 0.18-mm-wide
elements were photographed at 150X; those with 0.75-mm-wide elements were

photographed at 75X.

PHOSPHORTC ACID-NITRIC ACID ETCHING SOLUTION

Samples of pure aluminum and aluminum-0.l wt? copper alloy were etched
at 53°C in a phosphoric acid-nitric acid solution composed of:
Orthophosphoric acid 500 ml
Water 125 ml
Nitric acid 50 ml
Sodium lauryl sulfate 0.1 g/1.

After etching, we examined the circuits and found them to be
unsatisfactory. Thelr edges were severely tapered, as shown by the pure
aluminum sample in Fig. 2, and the resist had washed off during the rinsing
operation. Spolting on the surlace ol the elements is additional proofl that
the resist had broken down during etching. The aluminum-0.1 wt’ copper
alloy had been undercut badly during the l4-min etching (Fig. 3), vet traces
of unremoved aluminum were still visible near the element.

When we added 200 ml of polyphosphoric acid to the bath and etched a
pure aluminum 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.



Additional experiments were performed using higher concentrations of

polyphosphoric acid and nitric acid:

Orthophosphoric acid 850 ml
Nitric acid 100 ml
Water 225 ml

Polyphosphoric acid 400 ml

COCU3 i D 18
We also added CUCU3 to accelerate the etching of the aluminum; however, its
effect was not clear. With this etching solution, the tapered edges were
essentially removed from the pure aluminum 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 etching

solutions containing nitric acid.

ORTHOPHOSPHORIC-POLYPHOSPHORIC ACID ETCHING SOLUTION

We have investigated a wide range ol orthophosphoric—-polyphosphoric
acid combinations. We find that circuits etched in orthophosphoric—polyphosphoric
acid solutions show vertical rather than tapered edges on the elements in
contrast to the circuits etched in nitric acid solutions. However, 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%, the solution is quite viscous and requires a long rinse,
Because considerable heat is generated when polyphosphoric acid and
orthophosphoric acid are mixed, caution must be exercised in preparing the
etching solutions. For etching aluminum-0.1 wt? copper circuits, a mixture
of 1 part orthophosphoric acid and 1 part polyphosphoric acid appears to give

the best results.
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Adding ferric chloride to the bath improved the edges. Samples etched
in solutions containing between 6 and 30 g/l Fe013-6H20 produced satisfactory

edges (Figs. 5-7).

PLLOT=LINE STUDTES O ETCHTNG SOLUTIONS

The performance and resolution obtained with the polyphosphoric acid
etching solution (25 volZ% polyphosphoric, 75 vol? orthophosphoric acids, 20
g/1 wec13-oH20) was studied at The Bendix Corporation, Kansas City Division,
for four photoresist exposure times and four photoresist development times,

A pure aluminum deposit was whirl-coated with AZ-340 photoresist to a thickness
of approximately 5 pm, and the measured photomaster image was exposed on the
part using a high-pressure mercury lamp at an intensity of 2.9 mchmz.

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 etching, and the bridge-width
reductions were calculated. In Figs. 8 and 9, bridge-width reduction after
development and etching is shown as a function of developing and exposure

time for the 127- and 254-pum patterns, respectively.

The data show that exposure time is the less critical variable in terms
of bridge-width reduction after etching. 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

etched parts indicating good repeatability.



EFFECT OF VARYING THE RATIO OF POLYPHOSPHORIC

ACTD TO ORTHOPHOSPHORTC ACID

In beaker-scale experiments, the polyphosphoric acid was varied from
25 to 75 vol%, with acceptable etching results. However, from a practical
point of view, a solution containing 75 vol? polyphosphoric acid would not be
feasible in a spray etcher. 1In fact, we found that a centrifugal pump
attached to a 3/4 hp motor caused the motor to overheat, even when we used
25 vol% polyphosphoric acid. From 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 were attached to a polypropylene disk by tape,
and rotated for 2 min in each direction for the required etching period. A

schematic of the equipment is shown in Fig. 10.

Two 40-1 solutions were made up, as shown below:
i IT
Polyphosphoric acid, vol% 25 50
857% Orthophosphoric acid, vol% 75 50
Ferric chloride (FeClB-6H20), g/l 20 20

Temperature °C  60-62 60-62
A number of aluminum circuits were processed in each solution to
establish an etching rate for pure aluminum and aluminum-0.1 wt?% copper.
These rates are shown below.

Etching Solution

T I1
Etching rate, pm/min for aluminum 1.0 1.0

Etching rate, um/min for aluminum-0.1% copper = L35



Using this information, we etched 30 pure aluminum circuits in solution I
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 on an intermitrent basis
for several months. We were originally concerned that because the baths were
hygroscopic, moisture absorption might cause deterioration in the edge acuity.
To date, we have not seen problems in this area, and the baths have been left
uncovered for 30 to 45 days. In beaker-scale experiments, up to 10 volZ
water has not caused detrimental effects. However, we have not determined
the maximum amount of water that can be added to the 40-1 solutions without

causing problems.

CONCLUSTONS

1. We have developed an etching solution that is satisfactory for
thick—film aluminum circuit boards. [t contains 25 to 75 volZ polyphosphoric
acid, 75 to 25 vol% orthophosphoric acid, and 20 g/l ferric chloride.

2. The solution produces vertical rather than tapered edges on 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 the ideal case, the cross section forms
a perfect rectanple.

Fig. 2. Pure aluminum circuit etched in a bath containing nitric acid. The
photographs are taken from the top; the thick black outline indicates severe
tapering.

Fig. 3. An SEM photo of aluminum-0.l1 wt% copper alloy circuit etched in a
bath containing nitric-acid. The photo shows severe undercutting and traces
of aluminum near the element.

Fig. 4. Aluminum and aluminum-0.1 wt% copper alloy circuits etched in a 1:1
mixture of orthophosphoric and polyphosphoric acids. The edges are much
better than those shown in Figs. 2 and 3, but there is still a slight foot.

Fig. 5. Aluminum and aluminum-0.1 wt#% copper alloy circuits, etched with 1:1
orthophosphoric and polyphosphoric acids and 6 g/l ferric chloride. Both
circuits were etched for 10 min at 59°C. Note the reduction in the foot
compared to Fig. 4.

Fig. 6. Aluminum and copper alloy circuits etched with 350 ml each ol ortho-
phosphoric and polyphosphoric acids, 70 ml water, and 13 g/l ferric chloride.
Both circuits were etched at 58°C. The pure aluminum circuit was etched for
12 min and the copper alloy circuit for 15 min. Compared with Fig. 4.

Fig. 7. Aluminum circuit etched with 1:1 orthophosphoric and polyphosphoric
acids and 30 g/l ferric chloride. The circuit was etched at 64°C for 7.5
min. Note the clean, straight edge.

Fig. 8. Width reduction for 127-pm~wide bridges as functions of exposure and
development times, and etching, Measurements were made after exposure and

development and again after etching,



Fig. 9. Width reduction for 25 -um-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 rpm for 2 min. Then, the direction ol rotation is reversed. This
process is repeated until the part is etched.

Fig., 11. Typical bridge wires [rom 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 ppm Effect
Rats NiCOg3, catalyst 250 - 1000 No effect
Monkeys Ni soaps, catalyst 250 - 1000 No effect
Calves NiCO4 250 - 1000 Retarded growth

Chicks NiSO,4, Ni acetate 300 - 1300 Same



Corrosion Resistance of Electroless Nickel by Food Constituents -2~

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 Toxicology or Epidermiology
Oral Non toxic
Inhalation Possible carcinogen
Percutancous Allergenic
Parenteral Allergenic and carcinogenic effects reported
Intravenous/intramuscular 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 feces, 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
mind and because of the number of electroless nickel formulations in use today
that deposit nickel-phosphorus alloys of varying degrees of corrosion protection,
further review and investigation appears to be justified,
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It 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-
phorus-nickel alloy is more tolerant to such handling.

Mild steel panels were coated with 25 um 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 cm? 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
mg/1l 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
Exposure Times

Reagent Conditions 3 hrs 6 hrs 24 hrs
6% citric acid 50°C. - no aeration 8 mi /1 9 mg/l 32 mg/l
50° C. - aeration¥* 10 mg/l 20 mg/l 83 mg/l
50° C. - 2 x aeration 11mg/l 21 mg/l 124 mg/l
100°C. - no aeration -= -- 18 mg/l
100°C, - aeration -- - 4mg/l
6% acetic acid 50°C. - no aeration 9mg/l 14 mg/l 27 mg/1
50°C. - aeration 17mg/l 30 mg/l 114 mg/l
50°C, - 2 x aeration 18 mg/l 33 mg/l 112 mg/l
6% HC1 50°C. - no aeration 7mg/l 10 mg/l 20 mg/l
50°C, - aeration 6 mg/l 7mg/l 26 mg/l
10°C. - 2 x aeration 9mg/l 12 mg/l 36 mg/l

#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
becomes lineal with aeration for the 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.,
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Alloy in 6% Acetic Acid @ 50°C.



Corrosion Resistance of Electroless Nickel by Food Constituents

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

The effect of the reagent concentration was the next variable studied

(Table 4).
Table 4
Reagent pH Conditions - 24 hrs Ni- P Ni (99. 9%)
0.6Y% citric acid 2.3 50°C. - aeration 97 mg/l 91 mg/1
6% o o 1.8 50°C. - aeration 84 mg/l 104 mg/1
18% " o 1.4 50°C. - aeration 91 mg/l 48 mg/1
0.6% acetic acid 2.9 50°C, - aeration 72 mg/l 132 mg/1
6% " " 2.3 50°C. - aeration 114 mg/l 152 mg/1
18% G L 1.9 50°C. - aeration 72 mg/l 97 mg/l
0. 6% HC1 0.9 50°C. - aeration 29 mg/l 152 mg/1
6% 1" 0.25 50°C, - aeration 26 mg/l 292 mg/1
189% i <0.0 50°C. - aeration 29 mg/l 1320 mg/1

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

Other reagents were tested as indicated in Table 5.

Table 5
Reagents PH Conditions - 24 hrs. Ni- P PureN
6% Lactic acid 1:8 50° C. - aeration 100 mg/l 63 mg/l
6% Phosphoric 1.2 50°C. - aeration 54 mg/l 75 mg/l
6% NacCl 5., 7 50°C. - aeration 2mg/l 2mg/l
6% NaCl in 0,6% '
acetic acid 2,6 50°C. - aeration 23 mg/l 73 mg/l

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.

Table 6
Deposit Reaction Condition Attack
Corrosion resistant 50°C, 6% citric acid, 84 mg/l
high P (10-11% P) aerated 24 hours
General purpose same 137 mg/1
semibright (8% P)
General purpose same 176 mg/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 Treatment Reagent Attack-24 hru
corrosion resistant 6% citric acid
high P (10-11% P) no HT aerated 84 mg/l
in gir, 750°€., 1 hr. same 1 mg/l
in vacuum*, 750°C., 1 hr. same 50 mg/1
no HT 6% acetic acid 114 mg/l
in air, 750°C., 1 hr. same 1 mg/l
in vacuum, 750°C., 1 hr. same 86 mg/1l
no HT 6% HCl 13 mg/1
in air, 750°C., 1 hr. same 9 mg/l
in vacuum, 750°C., 1 hr. same 965 mg/1

#0, 1 am vacuum, nitrogen purged
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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 69% citric acid
(10-11% P) 8 days old aerated none 84 mg/1
same, 34 days old same none 1 mg/l
same, 34 days same activation in 50% HC1 53 mg/l
nickel (99. 9%) same none 104 mg/1
same same activation in 50% HCl1 103 mg/l
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 6% citric acid
alloy (10-11% P) 50°C. - aerated 1 mg/l 4 mg/l
same 6% acetic acid
50°C. - aerated 1 mg/l 1 mg/l
Nickel (99. 9%)
Nickel (99. 9%) 6% citric acid
50°C., - aerated 6 mg/l 45 mg/l
same 6% acetic acid
50°C. - aerated 5mg/l 35 mg/l
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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 immersing test panels for 24 hours @ 50°C,
with aeration. Results are in Table 10,

Table 10
Ni-P Pure Ni

Reagent pH  Ni-P deposit appearance mg/l Ni  mg/l Ni
Coffee 5.6 Black discoloration 73.0 24,5 .
Sauerkraut juice 4.0 No discoloration 6.9 -
Tomato juice 4,3 No discoloration 0.6 -
Orange juice 3.6 No discoloration 4,2 Za'T
Tea 4.9 Yellow discoloration 14,5 31.3
Beef consomme 5.8 Cloudy discoloration 12,0 20,0
Cola beverage 2,8 No discoloration 15,0 Tla B
Beer 4.4 No discoloration 22+ 5 22,5
Red wine 3.6 No discoloration 26,5 45.0
Milk 5.7 No discoloration 3.4 Ba T

The above data is interesting from several viewpoints. The effects of
such juices as orange, tomato, 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 pH 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 handling 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 wasfound 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. This
mixture was analyzed for nickel prior to cooking and again after 4 hours of cooking.
The amount of nickel found by analyses was:

a) before cooking - 2.5 ppm
b) after cooking - 5,0 ppm

The total area exposed to the sauce was of 1319 ecm? and the volume of
the sauce was of 5000 cec.

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 humans 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 order to determine
its functionality for a particular 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(]).

1974 Total: 11444 metric tons

Others
(including alloys)
1317 tons
(11%)

Plating
3830 tons
(34%)

Batteries
1646 tons
(14%)

Stabilizers
1676 tons
(15%)

Pigments
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
s 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 Cadmium 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 il1l1-
considered 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 1bs. was

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



CADMIUM USAGE - PLATING IRON AND STEEL PRODUCTS FOR CORROSICN

PROTECTION
; 2-11
Consumption of Cadmium in Electroplating By End Use
Ordnance
5.6%
Automotive
Parts Aircraft &
Aerospace
20.4% Fasteners
Houvsehold 12. 6%
Appliances 2.3% s
Hardware (e.qg.,
hinges) 3.1% Industrial
Other Fasteners
Industrial 19.6%
Uses
7.8%
Electronics &
Communications
26.3%
Shipbuilding

2,3%

Average Values for Consumption from 1965-1974

of 5,400,000 pounds

Taken from Cadmium 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

Nuts

Bolts

Screws

Washers

Rivets

Nails

Fittings

Tools

Electrical connectors
Rifle barrels

Mortar Tubes

Carburetor Parts

Magnet parts

Clutch throw out plungers
Aircraft undercarriage components
Diode holders

Voltage regulators
Electrical relays

Textile machinery

Metal cutters

Turbine -engine blades
Vanes and cases

Piano wire

Catapult hooks

Marine hardware

Pole Tine hardware
Metal cutting machinery

Cast and Malleable iron
components

Low alloy steel heat treated
below 200 K psi

Actuator arms

Be-Cu bushings and bearings
Compressor blades

Dissimilar metal faying surfaces
Gears

Shafts

Splines

Shrouds

Stainless steel bushings

Tools

* Where the aircraft will meet extreme temperature conditions.



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

the use of cadmium,

MATERTALS 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

Bolts

Washers

Screws

MS-9882, 9881, 51968C, 51967D, 270408

M5-9088-91, 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, 35754B, 9400-02, 9397-99

MS-27183D

90728C, 90727D, 51095E, 18153C, 18154C, 51106C, 90725C,
907268, 35458B, 354578, 16998D, 16997C, 24667A, 24677A,
24678B, 21318A, 9449, 9940, 9939, 9930, 9931, 9913, 9921
9527, 9516, 9517, 9216, 35206F, 35207F, 9215, 9206,
9207, 9528, 35190D, 352238, 9184, 9183A, 51975A, 24629C.

Industrial Specifications

ASTM-A-165

AMS-2400M
AMS-2401
AMS-2416
AMS-2419
AMS-2426



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 regards surface preparation as compared to zinc. Cast
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, cadmium'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
ro1e(2). Metals with a relatively large difference in electrode potential can
be effectively separated by cadmium, The electrode potential of cadmium in
sea water i1s 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. The 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 term protection, and without



undue production of corrosion products. Tin plated steel, when exposed to the
atmosphere, will rust overnight because tin is cathodic to steel and will induce
severe corrosion because a large area of tin (cathodic) is related to a small
area of steel. Plating with 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 1 2 3 4 6§ 6 7 & 8 10 11
1 Carbon steel, cast iron - BB B BBAAAUB B
2 Stainless steel A - A AAAAAA A AB
3 Nickel and nickel alloys AAA - A B A A A A A A-B
4 Chromium AAA - A AAAAA A
5 Copper and copper alloys AAB B B - AAAA A B
6 Aluminum and aluminum alloys 8 BB B C - A AB A.C
7 Linc and zinc alloys E € BB £ B - B B8 8 ¢
8 Cadmium E & 8 B B B A -~ K A B
9 Magnesium and magnesium

alloys L ¢ E £ B BB -~ £ €
10 Lead, tin and their alloys AAB A B B A A A A - B
11 Silver, gold, platinum

(rhodium, palladium,

osmium, iridium) AAAAAAAAAAA -

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 metal, 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(®> 5 6« 7)

" especia]]y at elevated temperatures (tropical con-
ditions). Where coating thickness must be kept to a minimum, say 5 um,
cadmium performs better than zinc under marine and alkaline conditions(8).
It is 2 or 3 times more 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 Toom
weaving shed can lead to corrosion which can jam machinery 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



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 depos1ts(1]).

Low-alloy steel parts which operate in jet engines at temperatures up
to 1000°F have been protected from corrosion with 0.0003 in. (7.6 um) of
nickel plus 0,0001 in. (2.5 um) of cadmium diffused at 6309F (3320)(12) for
one hour. This coating could withstand 100 hours salt spray without rusting
even after 23 hours at 7000F (3720C) and one hour at 10000F (5399C) 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(]3),
meets conductivity requirements and successfully passed 816 hours of salt
spray exposure (salt spray tests to ASTM B117-73). This may be a development
of the R.W. Moeller technique(12, 14)

Jankowsky(]5) 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 2000¢C
(3929F) 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).



Torque Resistance

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 consideration. A cadmium plated part will not
gall when in sliding contact. On this account, if an assembly is to be subject
to corrosion and then dismantled for maintenance, 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, ]7).
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
embrittlement.  In general, hydrogen can be baked out through an initial

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

= 18 =



o i

cadmium can be plated at approaching 1060% efficiency, subsequent cadmium
plating can be carried out over this initial flash without danger of hydrogen
embritt]ement(]g).

High Temperature Operation

Cadmium plated steel parts can operate under stress at temperatures up
to 9000F (4820C) provided that a nickel undercoat is applied before cadmium
plating followed by a diffusion baking operation.

(ompatibility with Adhesives

Cadmium provides an excellent bond when adhesives are used, this is true
even for passivated coatings. Problems may occur when passivated zinc coat-
1ngs are used and expensive adhesives may become obligatory. A decal placed
cver 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 caretully what cost penalty
may be incurred, but to pay particular attention to some of the above vital
and beneficial characteristics which are not always dapparent at first sight.

Cadmium electioplaters can comply with needed pollution control regu-
lations. We, therefore, question the need to develop "Alternatives to
Cadmium Electroplating in Metal Finishing."

Cadmium electroplating need not be a threat to the environment and 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.
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MCDONNELL AIRCRAFT COMPANY

ION VAPOR DLEPOSITED ALUMINUM COATINGS

by

IR, Fannin
McDonnell Aireralt Company
Dept 247, Bldg 32
P.O. Box 516
St. Louis, Missouri 63166

Abstract

A process for the application of dense, uniform, and very adherent aluminmm coatings has achicved production
status and can be used Lo replace cadmivm almost exclusively . The process is a vacoum metallizing process and is re-
ferred o as ion vapor deposition. Aluminum coitings can be used at temperitures up (0 92595 (496°C), whercas
cadmiunt is limited 10 45071 (2320°C) The process can be used (o coal high stiength steel without fear of hydrogen
embrittement. Tecan also be used in contact with titininm without causing solid metal cmbrittlement. Cadmium is
prohibited for this application. Finally, ion vapor deposition is a clean process and does not contribute to any
ecology problems.

Detatls ol the ion vapor deposition process, performance data, and carrent production applications al
MeDonnell Aircratt Company on both Navy and Air Foree Programs will be discussed.

MCDONNELL DOUGLAS CORPORATION
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Introduction

Cadmium electropliting was the tavored method for protecting steel on aireralt structure for many years.
Obvious problems with its use were minimal prior to the use of high strength aluminum and steel alloys. Cadmium
plated fasteners installed in high steength aluminum alloys helped promote extoliation corrosion in the countersinks
and hydrogen embrittlement often occurred when electroplating cadmium on high strength steel. More recently it
has received Turther distavor because it was foand to cause solid me tal conbrittdement of tanium structure and
because ol its toxicity and haroilul ellects on the envitonment.

However, it was mainly for the Tist two reasons that we at MeDonnell Aireralt Compuny (a division ol
McDonnell Douglss Corporation) started looking for a viable alternate tor cadmivm in the carly 1960, Al'ter
extensive paper studies, aluminuni coatings were selected as the best substitute. Being the least dissimilar to
aluminum alloy structure, itis ideally compatible. Furthermore, aluminum is anodic to steel and provides galvanic
protection as does cadimiun.

L was quickly found that available processes for applying aluminum coatings such as metal spraying, electro-
plating, cladding, hot dipping and others had severe limitations such as thickness control, adhesion, size and shape of
product that could be coated, and elfect on substiate properties.

During this sume period we had selected vacuum deposited cadiiun as the coating for solving the problem of
hydrogen embrittement of high strength steel. Ouwr production expericnce with the vacuum cadmium coaling process
was very Tuvorable. For this reason we started looking at vacuum coating processes for aluminum. This included
physical vapor deposition, ion vapor deposition, and chemical vapor deposition. Lon vapor deposition provided the best
adhesion and most uniform coating thickness and with other considerutions was selected Tor further development.

The performance advantages ol ion vapor deposited (IVD) aluniinum have sinee been conlirmed in both lab-
oratory and service tests and the process has reached production status. This high perfornmance protective coating is
also enviromuentally clean. The Tollowing is therelore a desciiption of the process, the equipment, the coating per-
tormance, and illustrations ol ty pical applications.

MCDONNELL DOUGLAS CORPORATION
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Discussion

Description of the Equipment and the Process

The basic equipment required foron vapor deposttion, called Tvadizer R McDonnell, s i steel chamber, o
pumping system, an evaporation source, and a high voltage power supply. A schematic ol a typical IVD unit 1s shown
in Figure |.

NEGATIVE GLOW =

SUBSTRATE
HOLDER
CATHODE -

= 10
= GROUND

EVAPORATOR
POWER SUPPLY
ALUMINUM VACUUM
EVAPORATORS CHAMBER
== HIGH VOLTAGE
= POWLR SUPPLY GHET woi 12
FIGURE 1

SCHEMATIC OF AN ION VAPOR DEPOSITION SYSTEM

The process sequence consists ol pumping the system down to about 10 * Torr. The chamber is then back-
filled with an inert gas to about 10 microns and a high negative potential applied between the parts being coated und
the evaporation source. The gas becomes ionized and creates a glow discharge wround the parts to be coated. The
positively charged gas ions bombard the surliace of the parts and perform final cleaning. The clean surlaces resulting

are essential for good couting adhesion.

Following glow discharge cleaning, commercially available aluminum wire (1100 alloy) is evaporated by con-
tinuously feeding into resistance heated crucibles. As the aluminum vapor passes through the glow discharge, a portion
of it becomes ionized. This, in addition to bombardment by the inert gas ions, accelerates the aluminum vapor toward
the part surfuce. This results in denser coatings and also improves the coating adhesion. The tonization also provides
better throwing power and allows complex shapes to be more uniformly plated.

MCDONRNNELL DOUGLAS CORPORATION
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A Ly pical platimg eycle for coating detml parts would consist ol the following:

Lo Pump down ta 10 Vol 18 minntes

2o Back Bl watli et gas o 2 unutes
3. Glow discharge clean - 15 ninules
4 Plate - 10 nunutes

S Back il ro atmosphiere - 3 nunutes

The total couating cycle requires about 45 wiuates.

Alter coating, paits e gencedly chromate treated moaccordance with MIL-C-5541 (Reference 1), This pro-
vides additional protection agamst conostion. T also provides o good base Tor pamt adhesion and is @ conumon

requarenient for alamnum subiaces

Technical Advantages

IVD aluninum coatings have several advantages over ather coatings used to protect both steel und aluminum
alloy parts. Advantages include
1. Usetul temperature o 92591 (4968C). Cadmium is limited to 4509F (232°C) (Relerence 2 und 3).
20 Replace diffused mickel-cadmum and provide better corrosion protection at all stiength levels.
Dirtused nickelcadimmm s hinnted o steels having stiength levels below 200,000 psi because ol

hydrogen embrittement and has a salt spray requirement ol only 100 hours.

o Does not cause solid metal embrittement of ttanium. Cadimuon plating is prohibited.
. Can be used in contact with tuel, Cadimium is prohibited.
- Provides galvanie protection to aluminum alloys and does not cause fatigue réduction. Anodize

N

coutings provide only barrer coatmg protection and canse Latigue reduction.

6. Can be applicd thinoer than alelad on aluminuim alloys tesulting in weight savings and is not linited
Lo rolled forme.

7. Neither the process nor the coating create toxic materials and therelore do not present any ecology
problems.

Coating Performance

An evaluation of 33 different coatings on Fasteners was made by the An Foree and the Naval Air Development
Center on service afreralt (Reterence 4) IVD aluminum was rated as one ol the top three coatings. The other two

coulings were also metallic alumimum coatings that outpertormed cadimum phated Listeners.

IVD aluminum is a solt, ductile coating and has properties nearly identical to pure aluminunm. We use three
chasses and two Ly pes ol coatings. The chisses retlect coating thackness and the types are Ioas coated  and 11, as
coated with a supplementiary chiromate treatment. Py pe T is gencrally used Tor reasons previously mentioned. The

corrosion resistunce requirement for type Hcoatings is shown m Table T tor the vinnous class coatings.

TABLE 1
MINIMUM CORROSION RESISTANCE
REQUIREMENTS PER MIL-C-83488 (REFERENCE 2)

Etaiss Thickness Corrosion Resistance
(mils) (hrs)
1 0.0010 Minimum 672
2 0.0005 Minimum 504
3 0.0003 Minimum 336

MCDONNELL DOUGLAS CORPORATION
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Class | coutings wre used Tor lugh temperate and exterior applications where severe corrosion environments
are encountered. Class 2 s reconnmended tor miteror parts where less severe environments are encountered, and
Class 3 is used only when close tolerances ae required such as e thieaded parts.

Numerous corrosion tests have been performed on IVD aluminum coatings by McDonnell, the Air Foree,
the Navy, the Army, and by other companies. As usual with corrosion testing, there is a wide range of results. Some
general conclusions can be diawi, however, using cadmium for comparison.

Corrosion testing o bright clecuroplated cadmium on steel panels along with IVD aluminum of comparable
thickness in 59 salt spray per Federal Standard No. 115 will generally show cadmium to be better. However, il a
serateh s made through the coatings 1o the substrates, the cadmivm will generally sacrifice itsell more quickly and
allow red rust to Torm betore the IVD aluminum,

Results obtained i laboratony tests when cadmum and IVD abummam coated steel Gasteners were mstalled in
7075-To alwmmun alloy and exposed 10 SO > - saltspray Lor 108 hours are shown in Figure 2. The cadminm plated
Lustener heads are more severely usted. Maore important is the condition ol the countersinks in the aluminum. The
IVD aluniinan has provided protecuion to the countersinks while the cadimiunm couated Tusteners appear (o have
promoted corrosion ol the countersinks,

Aluminum Countersinks

(lop View) (G x)
(Side View) (100 x)

Cadmium Plated
Fasteners

TR ST W LT W R " R T ]

Aluminum Plated
Fasteners

GP77-0982-13

FIGURE 2
IVD ALUMINUM AND CADMIUM COATED STEEL FASTENERS
INSTALLED IN 7075-T6 ALUMINUM ALLOY AND EXPOSED
TO 168 HOURS OF SO2 - SALT SPRAY

There are also advantages tor IVD coating titanium lasteners installed in aluminum structure. A comparison wis
made between IVD aluminum coated titanium Gisteners stalled dry, and bare titanivm Fasteners installed with wet
epoxy primer. The latter is a standard procedure used on airerall. These fasteners were installed in 7075-T6 aluminum
alloy that had been MIL-C-554 1 treated. Alter fastener installation the panel was sprayed with one couat of
MIL-C-23377 primer and exposed 1o SO salt spray Tor 28 days. Visual examination showed that the blistering
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of primer around the peripheries of the lasteners installed with wet primer was more severe than around the IVD
aluminum coated fasteners. Examination ot the countersinks after fastener removal also showed less corrosion
resulted where the IVD coated fasteners were installed (Figure 3). Studies at McDonnell have also shown a cost
advantage of using IVD aluminum coated lasteners in licu of wet installation.

IVD Aluminum Coated Bare Titanium Fastener

Fastener Wet Installed
GP77-0982-14

FIGURE 3
CORROSION TESTS OF IVD COATED AND WET INSTALLED TITANIUM FASTENERS
IN 7075-T6 ALUMINUM ALLOY COUNTERSINKS

Couting adhesion and thickness unifonmity are comparable o electroplating. The adhiesion requirements are
the same as those specified in Reference 3 [or cadmium electroplating. An example of the coating uniformity on
a fasterier is illustrated in Figure 4.

THREAD ROOT

THREAD CREST

FIGURE 4
IVD ALUMINUM THICKNESS DISTRIBUTION ON A FASTENER
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A lot of Tastener qualification data has been generated on the use ol VD aluminum (Relerence 5). A sumniary
ol the tests pertormed s histed i Table 20 This datais too voluminous o present here, however the conclusions can
be sumnrarized as follows:
LVD alumimui does not produce any detriimental etiects on the mechanical properties.
2. The coelticient ol tiction ol alommum s hagher than cadimiim, therelore, higher mstalliation forees
are requned. These lngher values, owever are withan the working anges preseatly used tor cadmiun

in most cases. Interterence N fasteners may cequire closer attention to the type of lubricants used.

TABLE 2
FASTENER QUALIFICATION TESTS

Mechanical Installation
Tensile Suength Torque Tension
Double Shear Locking Torque
Tension Fatigue Reuseability
Stress Duability Interference Fit
Stress Ruptuie

Production Status

The first production size couter was sponsored by the Naval Aie System Conmmand and delivered to the Nuaval
Air Rework Facility at Novth Esland, San Diego, in Apnl 1974 Duning this contract period a number of our atreralt
parts, both steel and aluminum components, were plated and evaluated. Coating unitormity , adhesion and corrosion
perfonmance were all very satistactony Tl vt was < fee b dimeter and 8 feet long, and is shown i Figure 5.

At about this same tne o new approach was concerved Tor coating sl parts on i more economical basis.
The technique is stmilar to bael electroplating i that parts are placed in rotating bavrels over the aluminum
evapuoration source. Following conceptual ventication i the Libovatory, a4 loot dimmeter by 6 oot long system
was designed and tabricated. The unit has been used to demonstrate the process and as a test bed for design devel-
opment. The system has evolved Trom one bariel to two bacrels per unit, doubling the output. Production capicity
wats tnereased Turther by placing vacum locks o the feed and disclinge cods of the system (Figore 6). This allows
[asteners (o be loaded and unloaded without breaking the vacuum and reduces the total coating cyele by about
SO percent. A similar unit installed this year at a fastener manulacturer, The Voi-Shan Corporation, is also shown
in Figuie 5.

Larly in 1976 a large detail parts coater 7 feet in dizineter and 12 Teet long was installed in our manulacturing
facility (Figure 5). Approval had been obtained lrom the Air Foree to use ion vapor deposited aluminum coatings on
the F-15 Eagle. Fatigue improvement and cconomics were the mativating reasons. Sulfuric acid unodize coatings
were replaced on fatigue entical aluminum wing skins. This resulted ina Fatigue inprovement without a design
configuration change. 1 also eliminated a shot peening operation, resulting i cost suvings. In addition, IVD coated
low alloy steel was used Lo replace higher cost stuinless steel components.

IVD aluminun is presently being used on the - Aireraltand is required for use on the Harner and the F-18
Hornet. e will be the primacy corrosion protective plating on the P18, On this aireralt it will be utilized on all
Catigue critical aluminum stactare, all high strength steel structure and on - titaniun and low alloy steel fusteners.

A unit has also been Tabricated under contract with the Air Foree Materials Laboratory, Manutacturing Technology
Division. This unit is presently at McDonnell and is being used o develop optinum parameters and fixtuing for coating
both arrcral tand engine parts, L will be utilized nainly as aoreplacement tor vacuum deposited cadmium on high
strength steel parts, This unitis 6 feet in dimmeter aud 10 feet long (Figuie 5).
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McDonnell Production Coater Air Force Coater

GP77-0982-15

FIGURE 5
PRODUCTION COATERS

GPT77-0982-16

FIGURE 6
SCHEMATIC OF BARREL COATER

A photograph ol a few ol the aireralt and engine parts that have been coated at McDonnell are shown in
Figure 7. There is also o lot ol interest in aluminum coatings outside the aircralt industry. A Tew examples include
cotputer dises, comsumer hardware automotive parts, space systems, electrical components, appliances, ete.
Examples ol sumple parts coated tor evaluation are shown i Figure 8.
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Wing Skin

Bellcrank

= 4

Landing Gear

Stator Vane Assemblies

FIGURE 7

GP77-0882-17

IVD ALUMINUM COATED AIRCRAFT AND ENGINE PARTS

MCDONRNNELL DOUGLAS CORPORATION



MCDONNELL AIRCRAFT COMPANY

Miscellaneous .
Hardware b 5
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FIGURE B

IVD ALUMINUM COATED PARTS

Economics of the Coating System

Operating costs of the IVD equipment for the most part can be generalized into three categories  labor,
naterials and wtilities Labor is the dominant cost Factor and each system is designed (o be o one nsan, or less,

operation. Materials and utilities costs e o function ol coater size and plating requirements, but when combined
sencrally vun between 55 ad 515 per howe ol apealion

Lo cither the barrel or rack coater the plating rate is approximately 0.1 mil per minute.

Plating capacity ol a4 feet by o feet bavrel coater is approsimutely 120 pounds ol Lasteners per hour. Plating
capacity for aack type coater depends upon the size and shape of the parts. A 6 feet by 10 feet coater with a
transhating evaporation source could coat all ol the parts that could be practically racked inone 6 feet by 10 feel

plane arca. A cariage rack rotatig over afixed evaporation source has higher capacity depending upon part size.

Conclusions
lon vapor deposited aluminum is a high pevformance protective coating and is a viable aliernate for cadmiom
plating. s more compatible with aluminum strue ture and mininazes the problem ol galvanie corrosion when using
dissimilar metal Tasteners such as stamless steel and titiium alloys. Tt does not cause hydrogen embrittlement ol
high strength steel alloys o solid metal embrittlement ol titanium alloys. Te has achigher uselul temperature than
cadmivm and an all importane consideration: iv does not contribute to the pollution ol the environment.
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