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The invention described herein may be manufactured
and used by or for the Government of the Unijted States
of America for governmental purposes without the pay-
ment of any royalties thereon or therefor.

This invention is a continuation-in-part of copending
application Serial No. 665,616, filed June 13, 1957, and
relates generally to methods of producing a corrosion and
oxidation resistant coating that is uniform in thickness,
can be produced in any desired thickness and has no free
or unalloyed aluminum therein, Such coatings can be
produced on metallic surfaces for increasing wear resist-
ance of sliding or reciprocating parts of machines and the
like, such as bearing surfaces, pistons, piston rings, cylin-
der walls and gun mechanisms. More particularly, the
invention pertains to coatings on base metals of nicke] alu-
minum alloys and methods of applying these coatings so
that a layer of unalloyed nickel remains between the
nickel-aluminum layer and the base.

In extensive use at present on metal surfaces subject to
sliding friction are coatings of chromium, This type of
coating, while usefu] in many respects, has been found
lacking in uniformity of metal distribution and the metal
loses its room-temperature hardness if heated to 1000° C.

Nickel-aluminum alloys are known to have desirable
properties for use as hard, strong, corrosion-resistant struc-
tural materials or castings.

Objects of the invention, therefore, are to develop meth-
ods for controllably depositing aluminum on a nickel
surface thereby permitting alloying of the aluminum de-
posit with the nickel surface whereby unalloyed nickel will
remain beneath the layer of nickel aluminide which is
formed, to provide an electrolytically deposited metal coat-
ing of improved hardness, to provide a <oating which will
retain its room-temperature hardness after heating up to
1000° C., and cooling, and to provide a coating more
corrosion resistant than either nickel, aluminum or chro-
mium which, when applied to a base metal, will be dis-
tributed uniformly over the entire base metal surface,

Other objects and many of the attendant advantages of
this invention will be readily appreciated as the same be-
comes better understood by reference to the following de-
tailed description.

Nickel-aluminum intermetallic compounds have been
found to possess many desirable properties over the sep-
arate forming metals, among the chief of which are a sub.
stantial increase in melting point, stability at high tem-

‘peratures, good modulus-of-rupture strength, excellent

oxidation resistance and hardness. With these desirable
properties, however, nickel aluminide, in massive form, is
difficult to fabricate and too brittle for practical applica-
tions. To overcome these difficulties for coating use, the
nickel aluminide is formed directly on the base metal sur-
face after the necessary shaping operations have been
completed. This is accomplished by electrodeposition
process steps and several modes of accomplishing this re-
sult will now be described.

in the first method, nickel is deposited on the base metal
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in the conventional way, as by electrodeposition from
baths containing nickel sulfate or nickel chioride. If the
nickel when deposited js severely soiled, degreasing of the
article with subsequent pumice scrubbing thereof is re-
quired prior to aluminum plating. Unless the nickel is
markedly sciled no precleaning is necessary. Aluminum
is then deposited on the nickel plate by electrodeposition
from a fused salt bath consisting of an aluminum halide
and an afkalj halide, as, for example, aluminum chloride
and sodium chloride in the ratio of upwards of 1.5 moles
of aluminum chloride to 1 mole of sodium chloride. Sat-
isfactory performancs results from operation at 1 to 4 am-
peres/sq. dm. and at a temperature in the range of 160°—
200° C. Once brepared the bath must be kept molten,
for if allowed to solidify it is very difficult to remelt with-
out breaking the vesse] containing the bath, The time of
treatment varies depending on the thickness of plating de-
sired but it most commonly varies between 5 minutes and
1 hour. Very good, coherent aluminum deposits up to
0.8 mil thick can be produced by this msthod using alu-
minum (25) anodes. When thicker deposits are desired
smooth deposits of aluminum up to 0.002 inch thick can
be obtained by using tungsten anodes.

After the aluminum has been deposited on the nickel
coat the article is dried and placed in a furnace preferably
of the electric type such as a high frequency induction or
resistance furnace. Heating may be conducted in air or
in an inert atmosphere, such as in helium or nitrogen, at a
temperature in the range from 550° to 750° C. for periods
up to about 20 hours. At this temperature al] the alumi-
num alloys with the nickel to form a nickel aluminum
alloy layer over the unailoyed portion of the nickel layer.,
This arrangement is accomplished by limiting the deposit
of aluminum to that of a layer having a thickness less than
the thickness of the nickel layer. Actually, the optimum
deposit thicknesses are an aluminum deposit approximately
one-fourth the thickness of the nickel layer whereby all the
aluminum is alloyed with the nickel forming a layer of
nickel aluminides exceeding in thickness the prior alumi-
num deposit but stili leaving a portion (about one-half) of
the original nicke] layer in unalloyed condition.

Actually, it has been found that the oxidizing effect of
heating in air is beneficial in that there is a marked in-
crease in resistance to salt spray corrosion. In case the
alloy is formed by heating in an inert atmosphere the oxi-
dation will in any event occur during normal subsequent
high temperature applications.

The first methed, as above described, is particularly
useful where the thickness of the aluminum deposit is less
than 0.001 inch or where the object being coated might be
damaged by heating to too high a temperature. However,
as stated above thicker deposits can be obtajned by the
use of tungsten anodes,

In the second method aluminum is electrically deposited
on the nickel coat from a fused salt bath operated at a
temperature of about 660° to 1000° C, i.e., above the
melting point of aluminum, the alloy being formed simul-
taneously with the plating operation due to the heat of
the bath. A suitable bath is cryolite at a temperature
of 10600° C. or cryolite dissolved in alkalj halides such
as sodium chloride and Potassium chloride at a tempera-
ture ranging from 660° to 90(° C. Using cryolite with
the bath temperature at about 1000° C., and a current
flow of 50 amperes ber square decimeter surface, a flow
of 2 to 3 minutes will produce a coat of about 0.0005 inch
thickness. A coat thickness of 0.001 to 0.002 inch is pro-
duced by a current of 20 to 25 amperes per square deci-
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meter flowing for 15 to 30 minuies. For deposits over
0.002 inch 15 to 20 amperes per square decimeter flowing
for about 1 hour are required.

In the operation of the potassium chloride, sodium
chlcride, cryolite bath although the bath may be op-
erated in the temperature range stated (660°-900° C.),
at the higher temperature the graphite anodes oxidizs
rather rapidly if an inert atmosphere is not used while
at the lower temperature the aluminum diffuses slowly
into the nickel. A series of rums has shown that a tem-
perature range of about 700° to 800° C. gives a satisfac-
tory compromise of these factors. When the bath is
used in this temperature range, aluminum deposits 0.25
mil thick are produced in 5 minutes at a current density
of 7 amperes/sq. dm. To produce thicker deposits of
aluminum at a rate not in excess of the rate of diffusion
of the aluminum into the nickel the following schedule
should be employed in using this bath in the optimum
temperafure range.

Maximum time

permissible with-] Approximate
Current density, amp./dm.? out producing thickness of
free aluminum aluminum

on the surface,
minutes

deposit, mils

e

1
3

1
2
2
3
5
8

ropooS

Since the bath used to electrodeposit the minjmum is
operated at temperatures higher than the tempering tem-
perature of steel, when the base material is steel or a
steel alloy, heat treatment becomes necessary to restore
the temper of this base material after the nickel aluminide
layer has been formed.

Samples to be plated were placed in the bath and
allowed to hang there for 10 to 20 seconds to reach bath
temperature before the current was turned omn. Optimum
concentrations for the chioride-cryolite bath are: sodium
chioride 440 gms., potassium chloride 560 gms. and
cryolite 150 gms. Optinum operating conditions exist at
a current density of 2 to 10 amps./sq. dm. and in the
temperature range of 700°-800° C.

n order to avoid producing excess unalloyed aluminum
on the surface it is often advantageous to employ varying
current densities. T hus, in case of a chloride-cryolite bath
operated at 700° C. deposits of 1 mil thick can be pre-
pared by plating at 7 amp./sq. dm. for 5 minutes and
then reducing the current density to 3-4 amp./sq. dm.
and plating for 30 to 40 minutes. Deposits of 1.8 mils
can be produced in {wo hours by the following schedule:
7 amp./sq. dm., 5 minutes; 4 amp./sq. dm., 20 minutes;
2 amp./sq. dm., 95 minutes. These plaiing rates canl be
increased if the bath temperature is raised above 700° C.

An excessive rate of deposition of aluminum is to be
avoided since at bath temperature this aluminum is molten
and mickel dissolves in molten aluminum. The problem
created is that of depletion of nickel from the nickel layer
since the nickel goes into solution in the molten aluminum
and the aluminum collects into beads which subsequently
flow into the bath carrying the dissolved nickel along.
This results in a reduction in the amount of nickel avail-
able for alloying.

This is in fact one of the basic disadvantages of the hot-
dip process known in the prior art. As an indication,
some 4" x 6”7 samples were plated with about 0.001 inch
of nickel and accurately weighed. These samples were
then sent to a commercial firm for the deposition thereon
of aluminum by the hot-dip process. All samples actually
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1ost weight as a result of the dipping process as indicated
by the following:

Wt.of | Wt.of Wt. of

Wt. of nickel sample | Wt.of sample
base coated after |Aldeposit stripped of
(gms.) hase hot-dip | (gns.) unalloyed
(gms.) (gms.) Al deposit

(gms.)

3.95 124. 885
3.42 121. 952

196.000 | 132.682 | 128.845
120.929 |  128.002 125.872

The nickel aluminide, as produced by the described
methods, has a hardness varying from 700 to 1050 Vickers
at room temperature depending on the percentage of
aluminum in the given nmickel atuminide. This fact ‘makes
this compound particulariy useful for wear resistance lu
pistons, piston rings, cylinder walls, gun mechanism,
sliding parts of machine and the like. In addition, the
room temperature hardness of the compound is not af-
fected by heating to 1000° C. whereas, in the case of
chromium the hardness is destroyed.

Further, the nickel aluminide is markedly oxidation
resistant even at 1100° C. there being only slight surface
oxidation. This oxidation resistance is apparent when
comparison is made with nickel in which, over a 400 hour
period, there is a gain in weight at 1100° C. of 0.05 gram
per cm.? as compared with an 0.01 gram gain for nickel
aluminide at the same temperature and for the same time
period. Since nickel and chromium have approximately
the same oxidation properties, it is apparent that the
oxidation resistance of nickel aluminide exceeds that of
chromium, also. Since the described methods all involve
electrodeposition, the coating thickness may be readily
controlled, values ranging from 0.0002 to over 0.002 inch
being readily obtainable.

In addition to the beneficial results already set forth
the results of salt spray corrosion tests (set forth below)
on a series of steel alloy panels coated with nickel alu-
minum alloy clearly indicate the excellent protection af-
forded in this respect by the present invention. Further,
these tests indicate the superior nature of coatings in
which a layer of nickel remains between the base and the
nickel aluminide layer.

Percentage of
surface covered
Thickness of | Thickness of | with rust after
Ni in inches { Alin inches | a minimum of
75 hrs. of salt
spray
0.001 0. 0003 1-2%.
0.0002 0.001 over 50%.
0.0005 0. 0003 3-5%.
0.002 0. 0003 less than 1%.
0.0005 None 80%.
0. 0004 0. 00026 5%.
10.0004 0. 00026 None.

1 Oxidized.

While any of the structural metals may be used as the
base material, in common usé for this purpose are steel,
nickel or copper.

Cbviously many modifications and variations of the
present invention are possible in the light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically described.

What is claimed is:

1. A method of coating an article which comprises the
steps in sequence of electrolytically depositing in a con-
irolled manner a layer of nickel over the surface of the
base metal of said article, electrolytically depositing a
layer of aluminum from .0001 to .0018 inch thick over
said nickel layer in such manner as to be about one-fourth
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the thickness of said nickel layer, heating the coated ar-
ticle at a temperature in excess of 550° whereby said
aluminum alloys with Jess than the total thickness of said
nickel layer thereby providing said article with a layer of
nickel covered by a protective surface layer of nickel alu-
minide, said layer of nickel aluminide being free of con-
tamination from the base metal,

2. The method according to claim 1 wherein the heat-
ing step is conducted in an inert atmosphere at a temper-
ature in the range from 550° to 750° C.,
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