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Wear Behaviour of Electroless Ni-P-Diamond Composite Coatings
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Abstract: The wear behaviour of composite coatings is related to the nature of embedded particles. The effects of
particle size on the wear behaviour of composite coatings are analyzed. Electroless nickel composite coatings contai-
ning diamond particles with the sizes in the range of 0—0.5, 0. 5—1, 1-—2 pum are prepared. The surface mor-
phology of diamond particles and composite coatings are observed by scanning electron microscopy (SEM). The
wear tests of composite coatings are comparatively evaluated by sliding against a cemented tungsten carbide ball.
The 3D morphology of worn scar is evaluated by using a 3D profiler. The results show that the hardness and wear
resistance of composite coatings can increase with the increase of particle sizes. The mixture mechanism of adhesive

wear and abrasive wear turn into single abrasive wear with the increase of particle sizes as well. The transformation

of wear behaviour is mainly attributed to particle roles during wear process.
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1 Introduction

Electroless nickel (EN) composite coatings
have excellent mechanical, anti-corrosive, and
tribological properties which make them feasible

(3] Wear per-

for a wide range of applications
formance of composite coatings heavily depends
on the characteristics of embedded particles™,
such as type, shape and size, as well as content in

6] The wear resistant composite

the coatings
coatings and the lubricating composite coatings
can be achieved by incorporating hard particles
and soft particles into coating matrix'™. The ex-
istence of these solid particles can lead to the
transformation of wear mechanism compared with
particle-free coatings!™'*. For the composite
coatings embedded hard particles, the abrasion

wear is the most important wear mechanism®™.
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In recent years, most researches have been
focused on EN diamond composite coatings, and
applica-

have developed their engineering

tions 1,

Park, et al. """ manufactured the mi-
cro-diamond tools in micro-grooving in silicon and
found that the tool’s life increases with the in-
crease of diamond size (0. 5~—10 pm). However,
Reddy, et al.™and Petrova™, et al. revealed
that EN composite coatings with finer particles
(about 3—8 pum) were more wear-resistant than
those with coarser ones (20—40, 110 pm).
Therefore, the dependence of the superior wear
resistance of composite coatings on particle sizes
still exits inconsistency, and the information a-
bout the wear mechanism of EN composite coat-
ings containing the finer particles is insufficient.

We aim at evaluating the influence of fine
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particles on the wear behaviour of EN composite
coatings, and modelling wear mechanism during

wear test process.

2 Experiment

2.1 Materials

Diamond particles with sizes in the range of
0—0.5, 0. 5—1,1—2 pm, supplied by Kingray
New Materials Science & Technology Co. Ltd. ,
are selected as the incorporated particles. Mild
carbon steel specimens (48 X 2) are used as
sample substrates. A commercial EN phosphorus
plating bath with pH values of 4. 5 is used for
preparing Ni-P matrix composite coating. The
main components of EN solution are a nickel
source salt of NiSO,(25—30 g/L.), a reducing a-
gent NaH,PO, « H,0O of 30—35 g/L, suitable
complexing agents, stabilizers and inhibitors. De-
ionized (DI) water with a resistivity of 18 M is

used for rinsing specimens for pre-treating.
2.2 Preparation of specimen

Substrate  specimens are ultrasonically
cleaned in acetone and sodium hydroxide solution
first, and then thoroughly rinsed with DI water.
They are immersed in 50 % sulphuric acid solution
for deoxidization for 30 s, and rinsed with DI wa-
ter again. Subsequently, these specimens are
transferred immediately to EN plating bath for
10 min for obtaining an interlayer of EN coating
between the substrate and the composite coating.
After that, the specimens are transferred immedi-
ately to EN composite plating solutions, whose
concentration of diamond particles is 6 g/L., and
the PEG surfactant with appropriate amounts to
prepare EN diamond composite coatings. During
this process, the solution is maintained by contin-
uous magnetic stirring with a speed of 550—650
r/min at 87—88 °C for 90 min. For convenience,
ND1, ND2 and ND3 denotes EN composite coat-

ings embedded with diamond particles with sizes

of 0—0.5, 0.5—1, 1—2 pum, respectively.
2.3 Post-treatment

All EN composite coatings are heated at

200 °C for 1 h for the dehydrogenation process af-
ter their preparations. And then, they are heat-
treated at 400 ‘C for 1 h to further improve their
hardness. The microhardness of the composite
coatings is measured using a HXS-1000A tester
with a Vickers diamond indenter with a load of
0.98 N for 10 s. The morphology of the diamond
particles with various sizes and their states in the
composite coatings are observed by scanning elec-
tron microscopy (SEM, JEOL, JSM-7001F).
The thickness of ND1, ND2 and ND3 is also ob-
tained from their cross-sectional SEM micro-

graphs.
2.4 Wear test

All wear tests are performed on a self-made
pin-on-disc tribo-meter under dry sliding condi-
tion at room temperature in air. EN composite
coatings are used as the disc specimens and a ce-
mented tungsten carbide (WC) ball is chosen as
the counterpart. The disc specimens rotated with
a velocity of 150 r/min and slide against WC ce-
ramic balls with a diameter of 8 mm with a nor-
mal load of 9. 35 N. The contact radius between
the specimens and WC balls is 16 mm and the du-
ration of the sliding test is 8 h. After the wear
sliding, the worn scar is characterized by its fea-
tures of cross-sectional area with a 3D profiler

(ADE MicroXAM 3D Profiler).

3 Results and Discussion

3.1 SEM morphology of particles and coatings

The SEM morphology of the diamond parti-
cles with the sizes in the range of 0—0.5, 0. 5—
1, 12 pm and their states in NDI, ND2 and
ND3 are shown in Fig. 1. It can be seen that, the
morphology of both diamond particles and com-
posite coatings varies with particle sizes. The dia-
mond particles with sizes of 1-—2 and 0. 51 pm
develop a regular shape and a narrow size distri-
bution, and they show a uniformity of dispersion
in coatings. Those with sizes of 0—0.5 pm devel-

op an irregular shape and a considerable diversity
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Fig. 1 SEM morphology of diamond particles and their state in composite coatings

in the size distributions, and maybe aggregate
somewhat in the coatings. The larger particles of
diamond protrude from the surface of the Ni-P al-
loy matrix of ND2 and ND3, whereas the smaller
particles tend to deposit among the nodules of the
Ni-P alloy matrix of ND1 in a form of "particle
clusters”. These aggregates indicate that it is dif-
ficult to disperse the fine particles in EN solu-
tions. The characteristics of the diamond particles
and their states in composite coatings can affect

their hardness and the wear properties.
3.2 Hardness of composite coatings

Table 1 shows the coating thickness, the dia-

mond volume fractions, as well as the microhard-
ness of the coatings for ND1, ND2 and ND3. It
can be seen that with the increase of particle size,
the volume fractions of diamond particles in coat-
ings and microhardness of composite coatings in-
crease. This result indicates that the composite
coatings embedding the larger particles exhibit
the higher microhardness. However, the thick-
ness for three coatings are almost the same,
which reveals that the coating thickness is related
to the operating duration and has none relation

with the particle size.
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Table 1 Basic parameters for all composite coatings

Type NDI ND2 ND3
Thickness/pm 22 23 24
Diamond volume fraction/ % 5.8 14.3 15.3
Microhardness(heat-

treated) /HV 1156 1346 1462

3.3 Wear resistance

The 3D morphology of worn scar for NDI1,
ND2 and ND3 after wearing is shown in Fig. 2. A
software is developed to calculate the width,
depth and area of these scar. The calculated re-
sults are listed in Table 2. The worn surface on
NDI1 shows a wide and deep scratch, which indi-
cates that the abrasive wear occurred. Compared
with ND1, the depth and area of the scar on ND2
is much less than that on ND1, which shows that
the wear resistance of ND1 is lower than that of
ND2. The wear surface on ND3, however, shows
no effective abrasion.

The high resolution observation of the worn

(@) 0— 0.5 um

Table 2 Calculated results of worn scars for three composite

coatings
Type of Width of Depth of Worn area/
coating scar/pm scar/pm pm’
ND1 851. 2 0.897 4 323.83
ND2 95.7 0. 486 27.35
ND3 0 0 0

(b) 0.5— 1.0 pm

surface for three composite coatings is shown in
Fig. 3. It can be seen that the worn surface on
ND1 shows lots of cracks, which can cause a
large amount of wear loss. However, the worn
surface of ND2 and ND3 are covered with debris
layers of the WC ceramic material that can be
transferred from the counter balls. The content
of these debris are shown in Table 3. The results
indicate that ND2 and ND3, especially ND3, are
more wear resistant than NDI1. It is worthwhile
to note that the materials of NDI1 are adhere to
the surface on counter ball sliding against NDI1,
which shows that the adhesion wear mechanism

also exists in NDI1.

(¢) 1 —2pum

Fig. 2 3D morphology of worn scars for composite coatings containing diamond particles with different sizes

Table 3 Content of WC debris on worn surface of composite

coatings

Type of coating Coverage rate/ %

ND1 0
ND2 33.5
ND3 41. 8

3.4 Wear mechanism

In order to further explain the difference in
the wear behaviour of the three coatings, we pro-
vide a wear process model for NDI1 and ND3, as
shown in Fig. 4. According to section 3. 1, the di-

amond particles in ND1 tend to form " particle

clusters” and deposit among the nodules of nickel
matrix of coating, as shown in Fig. 1 (b). At the
initial stage of the sliding, these nodules contact
with the counter ball prior to the "particle clus-
ters’. But they will wear away rapidly because
their hardness is lower than the WC's. The adhe-
sive wear may be the dominant wear mechanism
at this stage. As a result, the "particle clusters”
stand out. However, these particles cannot pro-
vide enough load-bearing ability because they
seem to be less firmly held by the matrix of the
coating. They tend to be pulled out from the

coating matrix to become dissociative particles.
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(d) Counter ball sliding against ND1

Fig. 3 OM morphology of worn surface for composite coatings containing diamond particles with different sizes
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Fig.4 Wear process for composite coatings containing
diamond particles with different sizes sliding

against WC ball.

These particles are likely to be abrasive particles
and will cause the severe damage of the coating

matrix (see the microgrooving in Fig. 2). At this

stage, the abrasion wear is the dominant wear
mechanism.

The diamond particles in ND2 and ND3,
with a regular shape and a narrow size distribu-
tion, show a homogeneous dispersion in the coat-
ing. The particles on the coating surface protrude
from the coating matrix and tend to be held firm-
ly by the matrix, moreover, they process the
high load-bearing capability. At the early stage of
sliding, the protruding particles contact with the
counter ball which are prior to the nickel matrix.
Since the hardness of diamond particles is much
higher than the WC's, they will plough the WC
ball. As a result, the WC materials of the ball
will be removed from the sliding surface. With
the increase of the sliding distance, the removed
WC materials from the ball will form a debris lay-
er on the composite coatings sliding against it
(see Figs. 3(b,c)). These layers can cause the
like-on-like wear condition for the counter ball,
which leads to severe abrasion of the counter ball.
With the increase of worn surface on the counter
ball, the real contact area on the sliding surface

will increase. As a result, more and more pro-
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truding particles will participate in the load-carry-
ing and will prevent the nickel matrix and the
counter ball from effective contact. On the other
hand, when the diamond particles break off the
coating matrix, these particles will intensify the
wear destruction. In this case, the abrasive wear
is the dominant wear mechanism, as shown in
Fig. 2 and Table 2. In this study, ND3 process
the best wear resistance and no effective abrasion

occurres during wear process (see Fig. 2(c)).

4 Conclusions

EN composite coatings containing the dia-
mond particles with three particle sizes are pre-
pared and their wear performance sliding against
WC ceramic ball is examined. The conclusions
are as follows:

(1) The volume fractions of the particles in
the coatings with the increase of the particle si-
zes. The thickness of composite coatings are not
related to the particle sizes.

(2) The hardness and wear resistance of
composite coatings increase with the increase of
particle sizes.

(3) The wear mechanism of composite coat-
ings varies with particles sizes. With the increase
of particle sizes, the mixture mechanism of the
first adhesive wear and then abrasive wear turn
the single abrasive wear. The transformation of
wear behaviour mainly attributes to the particle

roles during the wear process.
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