D. D. Roshon

Electroplated Diamond-Composite Coatings for

Abrasive Wear Resistance

Abstract: This paper describes electroplated diamond-composite coatings which are capable of attaining wear resistance a number of
orders of magnitude greater than conventional materials when subjected to abrasion by paper. The coatings consist of a single layer of
diamond particles held in a matrix of electroplated metal. During the course of these studies, many parameters were found to play
important roles in the wear resistance. These parameters include the diamond particle size, its size distribution, the particle density,
particle shape, plating uniformity, and the properties of the matrix metal. The influence of these variables is discussed, and the results
of the wear testing are presented. The plating process is also briefly described.

Introduction

Wear has long been a problem in machines that handle
large throughputs of paper documents, since paper is a
rather abrasive medium. Wear-resistant coatings, such as
chromium plating and flame-sprayed tungsten carbide,
have had wide application in paper handling equipment.
Such coatings frequently give satisfactory service where
geometry is favorable and a moderate amount of wear can
be tolerated. Occasionally, however, expensive critical
components can tolerate very little wear and require a
long life. In this case, the conventional coatings may have
grossly inadequate wear resistance, leading to the neces-
sity of designing around the wear problem. This usually
results in a costly solution. As machine speeds have in-
creased, such problems have appeared with increasing
frequency. Consequently, a study was made to determine
the feasibility of developing a superior wear-resistant
coating.

Studies of wear by paper [1-3] have indicated that the
laws of abrasive wear are generally followed. In addition,
SEM failure analysis [4] of components subjected to wear
by paper has verified that the wear process is abrasive in
nature. One of the most significant characteristics of abra-
sive wear is that the wear rate is inversely proportional to
the hardness of the material being abraded. This is fre-
quently [5] shown by plotting the product (wear rate X
hardness) versus hardness, as in Fig. 1. Here it is shown
(schematically only) how the product varies as coating
hardness varies, when subjected to wear by an abrasive
of hardness 2100 kg/mm? (about that of alumina). The

curve remains horizontal until the coating hardness ap-
proaches that of the abrasive, when there is a dramatic
decrease due to the wear rate becoming much smaller.
It can be seen that to achieve extremely small wear
rates requires a coating hardness substantially greater
than that of the hardest abrasive to be encountered. Pa-
per, together with contaminant dusts from the environ-
ment, contains abrasives of hardness up to about 2100 kg/

Figure 1 Abrasive wear as a function of hardness (schematic
diagram).
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Figure 3 ‘‘Pack’ method of diamond plating.

Table 1 Some hard materials.

Material Knoop hardness
(kg/mm®)
Tungsten carbide 1860
Aluminum oxide 2100
Titanium carbide 2460
Silicon carbide 2500
Titanium diboride 2700
Boron carbide 2800
Cubic boron nitride (Borazon) [7] 4700
Diamond 7-10 000

mm’ [6]. Accordingly, a coating to resist wear by paper
must be considerably harder than this. The number of
such materials is extremely limited. Table 1 lists some of
the better known hard materials. Only Borazon [7] and
diamond possess the requisite hardness for a really large
increase in wear resistance. Borazon is comparable in
cost to diamond. Also, some preliminary testing showed

it to be substantially inferior in wear resistance. Hence,
our attention was concentrated on diamond as the ulti-
mate material. Objections to excessive cost were dis-
pelled by some simple calculations which revealed that
the cost of diamond in a 10-um-thick coating is in the
range of 2-3 cents per cm’, with diamond powder at $2-3
per carat.

A thin, homogeneous coating of a hard, brittle material,
such as diamond, would be extremely fragile even if fabri-
cation were feasible. However, the concept of a com-
posite material, such as cemented tungsten carbide, al-
lows the achieving of high effective hardness with some
degree of toughness. In this case, the hard constituent
provides the wear resistance, while the metallic matrix
serves to bind the hard particles together and to the sub-
strate material.

Diamond-metal composites have long been used in
abrasive grinding tools, both with a sintered metal matrix
and as electroplated coatings. As a result, it seemed ap-
parent that the technology already existed for producing
diamond-composite wear-resistant coatings. The elec-
troplating process seemed most suitable and the coating
development effort followed this direction.

Early in this program, it became apparent that the most
efficient composite coating was the single-layer type,
shown schematically in Fig. 2. The reasons for this be-
come evident later.

Experimental procedures

& Plating processes

Much of the plating development work was accomplished
through ‘commercial platers with expertise in producing
plated diamond tools. Nickel is the usual matrix metal for
tool purposes, and the initial work was done involving
this metal. However, some potential applications for the
wear-resistant coating required a nonmagnetic material.
Consequently, other matrix metals were also explored.
Gold, tin-nickel alloy, and rhodium were employed, in ad-
dition to nickel, as matrix materials.

The first plating effort utilized a technique similar to the
composite electroplated materials (CEM) process, where
diamond particles are kept suspended in the electrolyte
during plating, by vigorous agitation. Some of the parti-
cles are captured as the metal is deposited. A Watts type
nickel bath was used. Much useful information as to the
optimum c¢oating parameters was gained from this effort,
but the maximum attainable diamond density was on the
order of 30%-—much less than was found necessary for
long life. (Diamond densities reported here refer to the
percentage of surface area covered by diamond for a
single-layer coating. It is required that a substantial
amount of the matrix metal be eroded away before the
diamond density can be measured.)
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The second process investigated, as recommended by
the General Electric Co. [8], might be called a ‘‘pack”
process. This method is illustrated in Fig. 3. The object to
be plated is placed in a dense, stationary slurry of dia-
mond powder and electrolyte. Current is then applied and
metal deposited until the desired thickness of diamond is
captured. It is important that plating conditions be such
as to yield a high cathode efficiency in order to minimize
hydrogen evolution. Gas bubbles can disturb the diamond
particles and can also produce voids in the coating. The
pack process immediately yielded diamond density above
50%. Following the initial success with nickel, an in-
tensive development was devoted to producing a dia-
mond-rhodium composite. The final process [9] utilized a
Puragold [10] tacking layer, with a Rhodex [10] encapsu-
lating overcoat.

The pack process was also used to produce platings
with a gold matrix and with a tin-nickel alloy matrix. The
latter material is hard and nonmagnetic, but rather brittle.

After some initial studies of multilayer coatings, all of
the platings that were produced were of the single-layer
type. These coatings are formed by plating only long
enough to bond the first layer of diamond to the substrate;
then it is removed from the slurry, and the additional
metal is plated to complete the encapsulation.

A third process—a modification of the pack method—
was developed during a limited in-house plating effort.
This method, shown in Fig. 4, is a pressure cell technique
in which the diamond slurry is compressed against the
substrate by a piston, which also serves as anode. Elec-
trolyte is pumped transversely through the slurry and
through porous ceramic plugs which retain the diamond
in place. By this means, high diamond density could be
attained despite the presence of hydrogen evolution. It
was found that the diamond density could be controlled
by subjecting the assembled cell to vibration on a shaker
table. Maximum usable diamond density was determined
to be about 70%. Above this, penetration of the matrix
metal was poor, apparently as a result of the phenomenon
called electrostenolysis [11]. Coatings with nickel and tin-
nickel alloy matrices were both successfully plated with
the pressure cell technique.

® Wear testing

Plated specimens were evaluated for wear resistance
through high velocity sliding on paper. Initially, testing
was accomplished by using the IBM Endicott drum
tester, which has been described elsewhere [12]. How-
ever, as the coatings improved, the testing time became
impossibly long. Consequently, a new tester was built
which could operate continuously and unattended. This
machine, shown schematically in Fig. 5, incorporated a
paper drive to feed 8'/z-inch-wide (21.6-cm) paper from a
10 000-foot (3048-m) roll over a vacuum platen. The spec-
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Figure 5 Continuous paper wear tester.

imen was mounted on a cantilever beam attached to a
rotating head above the platen. The beam was equipped
with a strain-gauge bridge to allow setting and monitoring
the normal load on the specimen. Electrical connections
to the strain gauges were brought out from the rotating
head through mercury-wetted slip rings.

The wear specimen thus traveled in a circular path on
the slowly moving web of paper. The paper speed was
adjusted so that the specimen was exposed to mostly
fresh paper at each revolution.

Wear specimens consisted of 1/4-inch (0.64-cm) diame-
ter spheres which were plated only on one half of the
sphere. Substrate materials included 52100 steel, brass,
and moly-permalloy. All testing was done with a load of
20 grams at a sliding velocity of 727 inches (1845 c¢cm) per
second. The paper chosen for the testing was a moder-
ately abrasive bond, imprinted with a dot pattern of mag-
netic ink character reader (MICR) ink. The ink covered
6.6% of the paper surface. The ink pattern was included
to simulate the abrasiveness of documents imprinted with
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Table 2 Wear test results for some common materials and for diamond composites.

Common materials

Material Sliding distance to reach Relative life
10-pm wear depth (Chromium = 1.0)
(in.)

Solid 52100 steel—R_ 62-67 9.6 x 10° 0.04
Rhodium piating 1.6 x 10° 0.07
Chromium plating 2.3 X 107 1.0
Tungsten carbide—d-gun coating 5.3 X 10° 2.3

Solid tungsten carbide, sintered 2.3 x 10° 10

Diamond composites®

Matrix Diamond size Diamond Distance to failure Relative life
(um) density (in.) (Chromium = 1.0)
(%)
Nickel 0-2 various <5 x 10° <0.02
Nickel 5 40 1 x 10° 0.04
Nickel 9 10 2 x 10° 0.08
Nickel 10 28 8 x 107 3.5
Nickel 9 54 5 x 10°° 2
Tin-nickel 9 55 1x10°° 43
Gold 15 51 3 x 10° 13
Rhodium 15 50 5% 19°¢ 217
Rhodium 30 62 2 x 10" 870

®All coatings were single-layer type, with thickness equal to diamond size with the exception of those containing 0-2 um diamond, which were multilayer coatings 10 um thick.

"Estimated life. Test terminated after 1 X 10° in.
“Estimated life. Test terminated after 2 x 10° in.
“Estimated life. Test terminated after 1 x 10° in.
°Estimated life. Test terminated after 6 X 108 in.

MICR characters, such as checks. Also, it was desired to
assess the possibility of an iron-diamond reaction, such as
is encountered if steel is ground with diamond tools.

Resuits

Selected results of the wear testing are given in Table 2,
which includes some conventional materials for com-
parison. Materials are compared on the basis of the slid-
ing distance required to produce a 10-um depth of wear
for the conventional materials and the distance required
to produce coating wear-through in the case of the dia-
mond composites. The comparison is somewhat unsatis-
factory because the better diamond platings were not
tested to a point of failure due to the long testing time and
the enormous quantities of paper required. (Also, those
platings containing the larger diamonds are necessarily
thicker than 10 uwm.) The figures given in parentheses are
rough estimates of the life for these coatings based on ex-
amination of the wear scar after testing.

In order to assess the progress of wear on a specimen, a
fixture was built which allowed observation of precisely
the same area of the specimen each time, through a 200-
wmm aperture. Figure 6 is a micrograph taken through the
aperture. This particular specimen consists of 15-um du
Pont diamond in a rhodium matrix. The micrograph was

taken after 574 million inches of sliding. It will be noted
that very little wear of the diamond particles has oc-
curred.

It can be seen that the diamond particle size is of ut-
most importance. Regardless of the particle density, par-
ticles in the 0-2 um size range impart little added wear
resistance to the matrix metal. Five-um particles provide
some improvement. When the particle size is increased to
9-10 wm, a dramatic increase in wear resistance is noted.
Larger particles result in additional improvement. It was
also noted that the larger the particle size, the less critical
was the diamond density.

Diamond density also had a dramatic effect on wear re-
sistance. With 10-um particles, there was little wear resis-
tance shown at 10% diamond density, while a 28% coat-
ing lasted through 80 million inches of sliding. The life of a
54% coating was estimated to be 500 million inches. The
optimum diamond density is approximately 65%, and
coatings with much higher density than 65% fail early due
to delamination.

As anticipated, the hardness of the matrix metal was
found to influence the coating life. Harder metals slow
down the rate of erosion of the matrix. Nevertheless,
even very soft metals such as gold yield a long life when
the diamond particles are large.
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No diamond composite was observed to fail as a result
of diamond wear. Instead, the failures were due to matrix
metal erosion which led to loss of the diamond. Low dia-
mond density allowed easy erosion of the matrix and
therefore shortened the life. Similarly, nonuniform distri-
bution of the diamond particles was observed to lead to
localized failure at regions of low density.

Discussion

A number of parameters influence the wear performance
of diamond composite coatings. All must be considered
when attempting to optimize a coating for a given wear
situation.

® Particle size

This variable is perhaps the most important coating pa-
rameter. Large particles impart much greater wear resis-
tance than small ones. This fact appears to be related to
the force required to pull a particle out of the matrix
metal. A small particle is easily dislodged by an encounter
with an abrasive grain in the paper, while a large particle
can withstand such an encounter. In addition, partial ero-
sion of the matrix does not weaken the particle retention
as much in the case of large particles.

® Particle density

The diamond density is an extremely important variable
because it determines the degree of matrix erosion that
can occur. If the particles are widely spaced, rapid matrix
erosion occurs, resulting in loss of diamonds. When the
diamonds are close together, the matrix becomes in-
accessible to erosion to any great depth. If the diamond
particles are large enough, matrix erosion ceases after a
certain depth is reached. The wear resistance of the com-
posite can then approach that of the diamond itself. The
diamond density must also not be too high, for then there
is insufficient matrix to produce a strong bond to the sub-
strate. This results in failure by spalling of diamond.

® Coating uniformity

Uniformity of the diamond distribution is important be-
cause of the nature of the wear process with composites.
A small region of low particle density will allow rapid ma-
trix erosion in that localized area, resulting in loss of the
adjacent diamond. This loss then results in accelerated
erosion and progressive failure of the entire coating—a
sort of domino effect. When the particle size is large, the
wear resistance is less sensitive to such local defects.

® Diamond shape and type

The ideal diamond shape for achieving high density and
uniformity would be spherical. However, for best reten-
tion in the matrix, a rough surface is desired. Also, sharp
cutting edges should be avoided to minimize the forces on
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Figure 6 15-um du Pont diamond in Rh matrix 5.74 X 10° inch-
es of sliding.

the particles as well as to reduce damage to the paper.
General Electric type MBG synthetic diamond met these
requirements very well and had excellent wear resis-
tance. Du Pont synthetic diamond also had a favorable
shape, but proved more difficult to plate satisfactorily. In
addition, it was somewhat inferior in wear resistance due
to its tendency to disintegrate during abrasion. Natural
diamond had excellent wear resistance and was easily
plated, but tended to have many sharp cutting edges. Nat-
ural diamond powder also contained many unfavorably
shaped particles which could be easily pulled from the
matrix, leading to premature failure.

® Particle size distribution

The best particle distribution is obtained when the parti-
cles are of uniform size. The presence of smaller particles
in the layer tends to result in nonuniformity and increased
matrix erosion.

® Matrix metal properties

A hard matrix metal reduces the rate of erosion, resulting
in longer life. This variable becomes less important when
particle size is large and the erosion depth is limited by
geometry.
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Ductility is a highly desirable property, especially if
any impact loading is present. Tin-nickel proved unsatis-
factory in this situation. Rhodium with high hardness and
some ductility is an ideal matrix metal. However, rho-
dium matrices which contained cracks due to plating
problems failed rapidly in a spalling mode. Similarly,
chromium, with its inherently cracked structure, is not a
suitable matrix plating.

o Single-layer vs multilayer coatings

There are two reasons why a single-layer coating pro-
vides the best wear resistance for a given thickness. First,
the larger particle size yields a much superior coating.
Second, the succeeding layers of a multilayer coating are
much less uniform, resulting in inferior wear properties.

Conclusions

It has been demonstrated that electroplated diamond-
composite coatings can provide wear resistance many
times greater than conventional materials, especially if
coating thickness is great enough to permit large (e.g., 15~
50-um) diamond particles. Various matrix metals can be
used and cost is moderate in terms of the performance
which can be achieved.
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