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Fabrication of Various Electroless Ni—P Alloy/Multiwalled
Carbon Nanotube Composite Films and Their
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Ni-P alloy/multiwalled carbon nanotube (MWCNT) composite films were fabricated using an electroless plating method, and their
microstructures and frictional properties were studied. MWCNTs of various sizes were used and three kinds of electroless plating
baths were prepared to form the Ni—P alloy matrix with varying phosphorus contents. Heat-treatments of the composite films were
also carried out. The microstructures of the composite films were examined by scanning electron microscopy and X-ray diffrac-
tion. Frictional properties of the composite films were investigated using a ball-on-plate method. Ni—P alloy/MWCNT composite
films with different phosphorus contents, classified as high phosphorus (12—13 mass %), medium phosphorus (6—8 mass %), and
low phosphorus (2-4 mass %) types, were fabricated using electroless deposition. The Ni-P alloy/MWCNT composite films
showed lower friction coefficients compared to Ni—P alloy films with the same phosphorus content both before and after heat-
treatment. The friction coefficients of the films were affected by the microstructure and size of the MWCNTSs, the composition of

the Ni—P alloy matrix, and the heat-treatment.
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Electroless plated Ni—P alloy films' have many desirable proper-
ties, such as good wear resistance, corrosion resistance, and electro-
magnetic shielding, and are widely used in industrial products. For
convenience, such films are classified into three categories based on
the phosphorus content. The low phosphorus type contains around
2-4 mass % (around 4-7 atom %) phosphorus and has relatively
good crystallinity of the face-centered cubic nickel. It exhibits mag-
netic properties and has been used as electromagnetic shielding in
electronic devices such as personal computers. The medium phos-
phorus type contains around 6-10 mass % (around 11-17 atom %)
phosphorus and has a semiamorphous or amorphous structure. It
possesses good wear and corrosion resistance and has been most
widely used as protective films of mechanical parts. The high phos-
phorus type contains 11-13 mass % (19-22 atom %) phosphorus
and has an amorphous structure. It has superior corrosion resistance
and is nonmagnetic and accordingly has been used as an undercoat-
ing on hard disk substrates.

Carbon nanotubes (CNTS)Z’3 have excellent mechanical charac-
teristics, such as high tensile strength and elastic modulus. Research
into practical applications of CNTs, such as the preparation of resin/
CNT, ceramic/CNT, and metal/CNT composites, has been actively
pursued. Recently, the fabrication of metal/CNT composites has
been attempted using plating techniques.‘"9 In previous studies on
electroless CNT composite plating, superior tribological properties
of electroless Ni-P alloy/multiwalled carbon nanotube (MWCNT)
composite coatings were reported.10'16 In these studies, only 20-40
nm diameter MWCNTs were examined and the effects of the size or
species of MWCNTs were not examined. Furthermore, the effects of
phosphorus content on the properties of the Ni-P alloy/ MWCNT
composite films have not been investigated. As mentioned above,
the effects of phosphorus content on the microstructure and proper-
ties of the Ni-P alloy/MWCNT composite films are not only of
academic interest but are also important for practical uses. In this
study, we fabricated electroless plated Ni—P alloy/MWCNT compos-
ite films with varying phosphorus contents using MWCNTs of vari-
ous sizes and evaluated their frictional properties.

Experimental

The electroless Ni—P alloy/MWCNT composite plating bath
compositions used are shown in Table I. Three different baths were
prepared to form the Ni—P alloy/MWCNT composite films with dif-

* Electrochemical Society Active Member.
* E-mail: araisun@shinshu-u.ac.jp

ferent phosphorus contents (high phosphorus, medium phosphorus,
and low phosphorus types, as described above). Sodium hypophos-
phite and sodium citrate were used as the reducing and complexing
agents, respectively. To disperse the MWCNTs in the plating baths
homogeneously, a stearyl trimethyl ammonium chloride dispersant
was added to the plating baths with stirring and ultrasonic agitation.
The pH values of all the baths were adjusted to 9. The specifications
of the MWCNTs used in the present study are shown in Table II.
vapor grown carbon fibers (VGCFs), vapor grown carbon nanofibers
(VGNFs) (Showa Denko Co. Ltd.), and Iljin (Iljin Nanotec Co. Ltd.)
are all commercially available. Cut-VGCFs and cut-VGNFs were
prepared by mechanically cutting the VGCFs and VGNFs using a
blender.!” The lengths of the cut-VGCFs and cut-VGNFs were esti-
mated by scanning electron microscopy (SEM) observations using
field-emission-scanning electron microscopes (FESEMs, JEOL
JSM-7000F and Hitachi High-Technologies S-4100). The VGCFs
and VGNFs, and therefore the cut-VGCFs and cut-VGNFs also,
were graphitized MWCNTs'® (heat-treated at 2800°C in argon gas
for 30 min). A pure copper plate (3.3 X 3 X 0.3 cm) was used as
the substrate. Pretreatment of the substrate was carried out using a
normal two-step method (sensitization and activation). A 4.4
X 1072 M SnCl,-H,0 + 0.12 M HCI solution and a 6 X 10™* M
PdCl, + 0.12 M HCI solution were used for sensitization and acti-
vation, respectively. Electroless plating was carried out at 40°C for
the medium phosphorus-type films and at 50°C for the high and low
phosphorus-type films with stirrer agitation. Heat-treatment of the
composite films was performed using an IR heating furnace (UL-
VAC Technologies Mila-3000) in vacuum at 400°C for 60 min. The
microstructures of the films were examined using an X-ray diffrac-
tometer (XRD, Shimadzu Seisakusho XRD-6000) and the FESEMs
mentioned above. A specialized sample preparation system (cross-
sectional polisher, JEOL SM-09010) was used to prepare cross-
sectional samples for FESEM observations. The phosphorus content
in the Ni-P alloy matrix was measured using an electron probe
X-ray microanalyzer (Shimadzu Seisakusho EPMA-1610). The tri-
bological properties were measured using a ball-on-plate-type recip-
rocating friction abrasion test machine (Nissho Electric Works
MMS-2419). An alumina ball (6 mm in diameter, Hv = 1500) was
used as the counter surface. The reciprocating friction stroke was 4
mm, and the tests were conducted under a normal load of 2 N. The
average sliding speed was 0.5 mm s~! and the number of cycles
was 50. All measurements were performed under ambient conditions
without any lubricants. During the tests, the friction coefficient was
measured continuously using a load cell.
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Table 1. Bath compositions.

Reagents High phosphorus-type bath Medium phosphorus-type bath Low phosphorus-type bath
NiSO,-6H,0 0.1 M 0.1 M 0.16 M
NaH,PO,-H,0 02 M 02 M 0.05 M
C¢Hs5Na;0, 05M 02 M 0.08 M
(NH,4),SO, 05 M 05 M

Stearyl trimethyl ammonium chloride 1.7 X103 M 1.7 X 103 M 1.7 X 103 M
MWCNTs 0.2 g dm™ 0.2 g dm™ 02 g dm™

Results and Discussion

Figure 1 shows surface SEM images of the electroless Ni—P
alloy/MWCNT composite films for various reaction times. The
MWCNTs used were the cut-VGCFs and the plating bath used was
the high phosphorus-type bath. The number of cut-VGCFs on the
film surface increased with increasing reaction time. Thus, the cut-
VGCFs were incorporated in the film simultaneously with Ni—P al-
loy film growth. Figure 2 shows a cross-sectional SEM micrograph
of the Ni—P alloy/cut-VGCF composite film electroless-deposited
from the high phosphorus-type bath. The film thickness is ~4 pwm.
The black areas are cross sections of the cut-VGCFs. Thus, the
cut-VGCFs were embedded in the Ni-P alloy film matrix. Because
there are no defects such as voids, the composite film is compact.

Figure 3 shows surface SEM images of electroless Ni—P alloy/
various MWCNT composite films from the high phosphorus-type
bath. For comparison, a Ni-P alloy film without MWCNTs is also
shown (Fig. 3a). The deposition rates were ~3 pum h™! for the
Ni-P alloy/Iljin composite film and 1 wm h~! for the other com-
posite films. The magnification of the Ni-P alloy/Iljin composite

Table II. Specifications of MWCNTs used.

Diameter Length
MWCNTs (nm) (pm) Supplier
VGCF 150 10-15 Showa Denko
Cut-VGCF 150 3-4 Showa Denko
VGNF 80 10-15 Showa Denko
Cut-VGNF 80 1-2 Showa Denko
Iljin 15 10-15 Iljin Nanotech

Cut-VGCFs

« 1 um

15.08kv X3.00K ‘6.8@sm

Figure 1. Surface SEM images showing the growth of electroless deposited
Ni-P alloy/MWCNT composite films (a) before electroless deposition, (b)
after 10 min, (c) after 30 min, and (d) after 60 min. The MWCNTs used are
cut-VGCFs. The electroless plating bath used is the high phosphorus-type
bath.

film is higher than that of the others (Fig. 3f) because Iljins are very
thin and could not be observed at the magnification used for the
other samples. The thicknesses of these films are all in the 4-5 pum
range. The phosphorus content in the Ni-P alloy matrix of these
films was 12-13 mass %. Therefore, these films have a high
phosphorus-type Ni—P alloy matrix. In all the films, the MWCNTs
were distributed homogeneously across the film surface without ag-
gregation. Cross-sectional observations indicated that all the films
were compact and the MWCNTs were distributed homogeneously in
the composite films. Thus, electroless Ni—P alloy/MWCNT compos-
ite films were successfully fabricated from the high phosphorus-type
bath using the different types of MWCNTs.

Electroless Ni-P alloy/MWCNT composite films were also suc-
cessfully fabricated from the medium phosphorus-type bath using
the different types of MWCNTs. The deposition rates were
~2 wm h™!' for the Ni-P alloy/Iljin composite film and
~1.5 wm h~! for the other films. Figure 4 shows various surface
SEM images of electroless Ni—-P alloy/MWCNT composite films
from the medium phosphorus-type bath. For comparison, a Ni-P
alloy film without MWCNTS is also shown (Fig. 4a). The magnifi-
cation used for the Ni—P alloy/Iljin composite film is higher than that
for the other films (Fig. 4f). The thicknesses of these films are all
4-5 pm. The phosphorus content in the Ni-P alloy matrix of these
films was 7-8 mass %. Therefore, these films have a medium
phosphorus-type Ni-P alloy matrix. All the MWCNTs were also
distributed homogeneously across the film surfaces without aggre-
gation. Cross-sectional observations confirmed that all the films
were compact and the MWCNTs were distributed homogeneously in
the composite films. Thus, electroless Ni—P alloy/MWCNT compos-
ite films with high and medium phosphorus-type Ni-P alloy ma-
trixes containing the different types of MWCNTs used in this study
could be successfully fabricated.

Cross sections
of cut-VGCFs

Figure 2. Cross-sectional SEM image of high phosphorus-type Ni-P alloy/
cut-VGCF composite film. Film thickness is ~4 pm.
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In contrast, Ni-P alloy/ MWCNT composite films could not be
obtained from the low phosphorus-type bath containing VGCFs, cut-
VGCFs, VGNFs, and cut-VGCFs. These MWCNTs were not suffi-
ciently incorporated in the Ni—P alloy films. Only the Iljins could be
successfully incorporated in the Ni-P alloy matrix, yielding Ni-P
alloy/Iljin composite films from the low phosphorus-type bath. The
deposition rate was ~3.5 wm h~! for the Ni—P alloy/Iljin compos-
ite film. Figure 5 shows surface SEM images of the films fabricated
using the low phosphorus-type bath. For comparison, a Ni-P alloy
film without MWCNTs is also included (Fig. 5a). The thicknesses of
these films are all 4-5 wm. The phosphorus content in the Ni—P
alloy matrix of these films were 2—4 mass %. The Iljins are homo-
geneously distributed on the surface of the Ni—P alloy/Iljin compos-
ite film. Cross-sectional observations indicated that these films were
compact and the Iljins were distributed homogeneously in the com-
posite films. Comparing the composition of the low phosphorus-type
bath with those of the high and medium phosphorus-type baths, it
was observed that no (NH4),SO; is present in the low phosphorus-
type bath (Table I). Therefore, the existence of (NH4),SO4 might be
related to the incorporation of MWCNTs. We plan to examine in
detail the cause for the failure to incorporate the VGCES, cut-
VGCFs, VGNFs, and cut-VGNFs in the low phosphorus-type Ni—P
films in a future work. However, low phosphorus-type Ni—P alloy/
Iljin composite films were successfully fabricated.

Figure 6 shows surface SEM images of the electroless medium
phosphorus-type Ni—P alloy/cut-VGCF composite film before and

Figure 3. Surface SEM images of high
phosphorus-type ~ Ni—P  alloy/various
MWCNT composite films: (a) Ni—P alloy,
(b) Ni-P alloy/VGCF composite, (c) Ni-P
alloy/cut-VGCF  composite, (d) Ni-P
alloy/VGNF composite, (e) Ni-P alloy/
cut-VGNF composite, and (f) Ni-P alloy/
Iljin composite film. Film thickness of all
films is ~4 pm.

after heat-treatment. The surface morphology remained largely un-
changed after heat-treatment. After heat-treatment, cut-VGCFs were
still present on the film surface and no defects such as cracks were
observed on the surface. Surface morphologies of all the other types
of electroless Ni—P alloy/MWCNT composite films also did not
change significantly after heat-treatment.

Figure 7 shows typical XRD patterns of the electroless Ni—P
alloy/MWCNT composite films. Figure 7a and b shows XRD pat-
terns from the high phosphorus-type Ni—P alloy/VGCF composite
films before and after heat-treatment. The XRD patterns of the high
phosphorus-type Ni—P alloy/MWCNT composite films using the
other types of MWCNTs before and after heat-treatment were al-
most the same, as shown in Fig. 7a and b, respectively. Figure 7c-f
shows XRD patterns from the medium phosphorus-type Ni—P alloy/
Iljin and low phosphorus-type Ni-P alloy/Iljin composite films be-
fore and after heat-treatment, respectively. The XRD patterns of the
medium-type Ni—P alloy/MWCNT composite films using other
types of MWCNTs before and after heat-treatment were almost the
same as in Fig. 7c and d. No obvious peaks assignable to MWCNTs
were observed in any of the diffraction patterns. The peak strengths
of the MWCNTs were very weak. As indicated, Fig. 7a, c, and e
shows typical diffraction patterns of electroless Ni-P alloy films
before heat-treatment for the high, medium, and low phosphorus
types, respectively. The crystallinity of the face-centered cubic
nickel in the Ni-P alloy matrix increased with decreasing phos-
phorus content in the alloy matrix. Figure 7b, d, and f shows typical

Figure 4. Surface SEM images of me-
dium phosphorus-type Ni-P alloy/various
MWCNT composite films: (a) Ni—P alloy,
(b) Ni-P alloy/VGCF composite, (c) Ni-P
alloy/cut-VGCF  composite, (d) Ni-P
alloy/VGNF composite, (e) Ni-P alloy/
cut-VGNF composite, and (f) Ni-P alloy/
Iljin composite film. Film thickness of all
films is ~4 pm.
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Figure 5. Surface SEM images of low phosphorus-type Ni-P alloy/Iljin
composite film. Film thickness is ~4 pm.

diffraction patterns of electroless Ni—P alloy films after heat-
treatment for high, medium, and low phosphorus types, respectively.
All the peaks, except for the copper substrate peaks, can be assigned
to Ni—P alloy stable phases, which consist of the face-centered cubic

Figure 6. Surface SEM images of the medium phosphorus-type Ni—P alloy/
cut-VGCF composite films (a) before and (b) after heat-treatment. Film
thickness is ~4 pm. The heat-treatment condition was 400°C for 60 min.

Ni

D573

nickel phase and the NizP compound phase.19 Also, the peak
strength of the NizP compound phase increased with increasing
phosphorus content in the alloy matrix. According to the Ni—C bi-
nary alloy phase diagram, graphite does not form a stable compound
with nickel below 500°C." Therefore, the MWCNTS in the Ni-P
alloy matrix did not form any compounds with the Ni—P alloy matrix
during the heat-treatment. Figures 6 and 7 indicate that the heat-
treatment of the Ni—P alloy/MWCNT composite films only changed
the phase structure of the Ni—P alloy matrix from a metastable amor-
phous or low crystallinity structure to a stable high crystallinity
structure consisting of face-centered cubic nickel and a Ni;P com-
pound phase.

Figure 8 shows the frictional behavior of the high phosphorus-
type Ni-P alloy/MWCNT composite films before and after heat-
treatment. For comparison, the frictional behavior of the high
phosphorus-type Ni—P alloy film is also shown in the figure. Figures
9 and 10 show SEM images of the worn surfaces of the composite
films (after 50 cycles) before and after the heat-treatment, respec-
tively. Before the heat-treatment, the Ni-P alloy/ MWCNT compos-
ite films show obviously lower friction coefficients compared to the
Ni-P alloy film (around 0.5 in the cycle number range of 10-50).
The friction coefficients for 10-50 cycles in ascending order is
Ni-P alloy/VGCF = Ni-P alloy/VGNF = Ni-P alloy/cut-VGCF
= Ni-P alloy/cut-VGNF = Ni-P alloy/Iljin « Ni-P alloy (Fig. 8a).
In a previous study, Dickrell et al. measured the friction coefficients
of vertically and transversely aligned MWCNTs to be 0.795 and
0.090, respectively, using a borosilicate glass pin as a counter sur-
face under ambient conditions.”’ Because the friction coefficients of
the Ni-P alloy/MWCNT composite films (0.1-0.2 for 10-50 cycles)
are comparable to that of the transversely aligned MWCNTs (0.090),
the MWCNTs, which appear to lie in the plane of the composite
films (Fig. 1-4), seem to affect their friction coefficients. The low
friction coefficient of the transversely aligned MWCNTs is due to

v :NisP  o:Cu(Substrate) Figure 7. XRD patterns of various Ni-P

alloy/MWCNT composite films: (a) High
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Figure 9. SEM images of worn surfaces of the high phosphorus-type films
before heat-treatment: (a) Ni-P alloy, (b) Ni-P alloy/Iljin composite, (c)
Ni-P alloy/VGCF composite, (d) Ni-P alloy/cut-VGCF composite, (¢) Ni—P
alloy/VGNF composite, and (f) Ni-P alloy/cut-VGNF composite film.

their graphitic structure. As described above, the VGCFs and
VGNFs are graphitized MWCNTs and might have graphitic struc-
tures with fewer defects than the Iljins. Thus, VGCFs and VGNFs,
as well as cut-VGCFs and cut-VGNFs, have lower friction coeffi-
cients than the Iljins. This might be one of the reasons for the largest
friction coefficient of the Ni—P alloy/Iljin composite film. Compar-
ing the cut-MWCNTs with the non-cut-MWCNTs, the former might
have more defects on the side surfaces than the non-cut-MWCNTSs
owing to mechanical cutting. Furthermore, if the Ni-P alloy/
MWCNT composite films contain the same fraction of MWCNTSs,
the Ni—P alloy/cut-MWCNT composite films naturally include more
tips of MWCNTSs protruding on the surface, which should yield
larger friction coefficients than the sides of the MWCNTs. These
factors likely resulted in the ascending order of the friction coeffi-
cients observed.

After heat-treatment, the Ni—P alloy/MWCNT composite films
also showed apparently lower friction coefficients compared to the
Ni-P alloy film (more than 0.6 after 15 cycles), and the order of
ascending friction coefficient in the cycle number range of 10-50
is  Ni-P  alloy/cut-VGCF = Ni-P  alloy/cut-VGNF = Ni-P
alloy/VGCF = Ni-P alloy/VGNF = Ni-P alloy/Iljin « Ni-P alloy
(Fig. 8b). Compared to Fig. 8a, the order of the friction coefficients
obviously changed. In particular, the friction coefficients of the Ni-P
alloy/Iljin, Ni-P alloy/VGCF, and Ni-P alloy/VGNF composite
films are higher than those before heat-treatment. Thus, the heat-
treatment clearly affected the friction coefficients of the composite
films. Before heat-treatment, there are few abrasion particles from
the composite films on the worn surfaces (Fig. 9). In contrast, after
heat-treatment (Fig. 10b, ¢ and e), abrasion particles can be seen on
the worn surfaces of the Ni-P alloy/Iljin, Ni-P alloy/VGCF, and
Ni—P alloy/VGNF composite films. The heat-treatment likely low-
ered the ductility of the composite films. The abrasion particles

Figure 10. SEM images of worn surfaces of the high phosphorus-type films
after the heat-treatment: (a) Ni—P alloy, (b) Ni-P alloy/Iljin composite, (c)
Ni-P alloy/VGCF composite, (d) Ni-P alloy/cut-VGCF composite, (e) Ni—P
alloy/VGNF composite, and (f) Ni-P alloy/cut-VGNF composite film.

themselves and the metal oxide powders originating from them can
affect the friction coefficients of the composite films. Therefore, the
increase in the friction coefficients of the Ni-P alloy/Iljin, Ni-P
alloy/VGCEF, and Ni-P alloy/VGNF composite films might be re-
lated to the formation of the abrasion particles. In contrast, abrasion
particles were not observed on the worn surfaces of the Ni-P alloy/
cut-VGCF and Ni-P alloy/cut-VGNF composite films (Fig. 10d and
f). Therefore, when abrasion particles are not formed, the friction
coefficients of the composite films containing cut-MWCNTs would
be lower. Because the cut-VGCFs and cut-VGNFs are smaller or
shorter than the VGCFs and VGNFs, if the same fraction of
MWCNTs: is incorporated in the composite films, larger numbers of
cut-MWCNTs are naturally present in the composite films, resulting
in more homogeneous microstructures (a typical microstructure is
shown in Fig. 3e). Such a homogeneous microstructure, wherein
MWCNTs act as reinforcement fibers, might suppress the generation
of abrasion powders, resulting in lower friction coefficients of the
Ni—P alloy/cut-MWCNT composite films.

Figure 11 shows the frictional behavior of the medium
phosphorus-type Ni—P alloy/MWCNT composite films before and
after heat-treatment. Before heat-treatment, the friction coefficients
of the composite films are lower than those of the Ni—P alloy film in
the cycle number range of 10-50. The friction coefficients of the
Ni-P alloy/MWCNT composite films, except for the Ni—P alloy/Iljin
composite film, were almost the same (around 0.11-0.13 in the cycle
number range of 10-50). In contrast, the friction coefficient of the
Ni-P alloy/Iljin composite film was especially high (around 0.31-
0.33 in the cycle number range of 10-50). In addition to graphitiza-
tion of the MWCNTSs, other factors such as the number of Iljins on
the film surface are related to the high friction coefficient. Undoubt-
edly, the number of Iljins on the surface of the medium phosphorus-
type Ni-P alloy/Iljin composite film is smaller than that of the Iljins

Downloaded 16 Sep 2010 to 160.252.86.17. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 157 (11) D570-D576 (2010) D575

—@—: Ni-P
—O—: Ni-P/VGCF —@—: Ni-P/cut-VGCF
—{J~: Ni-P/VGNF —g}—: Ni-P/cut-VGNF

Figure 11. Variation in friction coefficient
as a function of number of cycles for the
medium phosphorus-type Ni-P alloy/
various MWCNT composite films (a) be-
fore and (b) after heat-treatment.

—/—: Ni-P/lljin

0.6 0.6
0.5 0.5F
- =
: 5
S 04 S 04F
&= &=
3 S
2 03 —A—: Ni-P/lljin 2 03
o —O—: Ni-P/VGCF —@—: Ni-P/cut-VGCF o
T 02R\ [ NiP/VGNF —B—: Ni-P/cut VGNF g 02
fr o
0.1 0.1
0 0 (b)
0 10 20 30 40 50 0 10

Number of cycles

on the surface of the high phosphorus-type Ni—P alloy/Iljin compos-
ite film (Fig. 4f and 5f), and the friction coefficient of the medium
phosphorus-type Ni—P alloy/Iljin composite film is higher than that
of the high phosphorus-type Ni—P alloy/Iljin composite film before
heat-treatment (0.18-2.0 for 10-50 cycles). After heat-treatment, the
friction coefficient of the medium phosphorus-type Ni—P alloy film
increased (to more than 0.6 after 10 cycles) compared to that before
heat-treatment (0.38-0.52 for 10-50 cycles). In contrast, the friction
coefficients of the composite films hardly changed before and after
heat-treatment. From SEM observations of the worn surfaces of the
medium phosphorus-type Ni—P alloy/MWCNT composite films (50
cycles) before and after heat-treatment, no abrasion particles were
present in either case. This might indicate that the medium
phosphorus-type Ni—P alloy/ MWCNT composite films possess
higher ductility than the corresponding high phosphorus-type com-
posite films. The friction coefficients of the medium phosphorus-
type Ni—P alloy/MWCNT composite films might be determined
mainly by the intrinsic lubricity of the MWCNTSs on the film sur-
faces both before and after heat-treatment.

Figure 12 shows the frictional behavior of low phosphorus-type
Ni—P alloy/Iljin composite films before and after heat-treatment. For
comparison, the frictional behavior of a low phosphorus-type Ni-P
alloy film is also shown. Before heat-treatment, the Ni-P alloy/Iljin
composite films show obviously lower friction coefficients (0.17—
0.39 for 10-50 cycles) compared to the Ni-P alloy film (more than
0.6 after 15 cycles) (Fig. 12a). After heat-treatment, the low
phosphorus-type Ni—P alloy/Iljin composite film also showed a
lower friction coefficient (0.18-0.42 for 10-50 cycles) compared to
the low phosphorus-type Ni—P alloy film (more than 0.6 after 25

Number of cycles

cycles). No significant amount of abrasion powder was observed on
the worn surfaces of the composite films before or after heat-
treatment.

From Fig. 8, 11, and 12, the Ni-P alloy/ MWCNT composite
films obviously show lower friction coefficients compared to the
Ni—P alloy films regardless of the phosphorus content or the type or
size of the MWCNTs both before and after heat-treatment. Strictly
speaking, the precise amount of MWCNTs in the composite films
and the exact number or coverage of MWCNTs on the film surfaces
must be taken into account. Furthermore, the surface roughness of
the composite films should also be considered. This will be carried
out in a future work.

Conclusions

Various electroless Ni—P alloy/ MWCNT composite films with
different phosphorus contents and amounts of MWCNTs were fab-
ricated and their frictional properties were investigated. High
phosphorus-type Ni-P alloy/MWCNT composite films were suc-
cessfully fabricated using various sizes of MWCNTs and they
yielded lower friction coefficients compared to the high phosphorus-
type Ni—P alloy film both before and after heat-treatment. The fric-
tion coefficients were affected by heat-treatment. Medium
phosphorus-type Ni-P alloy/ MWCNT composite films were also
successfully fabricated using various sizes of MWCNTs and these
yielded lower friction coefficients than the medium phosphorus-type
Ni—P alloy film. The friction coefficients for these were not affected
significantly by heat-treatment. Low phosphorus-type Ni-P alloy/
MWCNT composite films were fabricated using only the thinnest

—@—: Ni-P

Figure 12. Friction coefficient as a func-
tion of number of cycles for the low
phosphorus-type Ni—P alloy/Iljin compos-
ite film (a) before and (b) after heat-

treatment.
—/—: Ni-P/lljin
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MWCNTs. These composite films showed lower friction coefficients
than the low phosphorus-type Ni-P alloy films, and the friction co-
efficients were not affected by heat-treatment.
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