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Abstract: NtP matrix composite coating reinforced by carbon nanotubes (CNTs) was deposited by electroless plating.

The most important factors that influence the content of carbon nanotubes in deposits, such as agitation, surfactant and
carbon nanotubes concentration in the plating bath were investigated. T he surface morphology, structure and properties of

the Nr P-CNTs coating were examined. It is found that the maximum content of carbon nanotubes in the deposits is inde-

pendent of carbon nanotubes concentration in the plating bath when it is up to 5 mg/ L. The test results show that the car

bon nanotubes co-deposited do not change the structure of the Nt P matrix of the composite coating, but greatly increase

the hardness and wear resistance and decrease the friction coefficient of the Nr P-CNTs composite coating with increasing

content of carbon nanotubes in deposits.

Key words: carbon nanotubes(CNTs) ; composite coating; electroless plating; wear/ friction

CLC number: TB 383; TQ 127.1; TQ 153. 1

Document code: A

1 INTRODUCTION

Electroless nickel phosphorus plating has been
exploited commercially for several decades, because it
can be obtained with crystalline and/or amorphous
structure over a wide range of composition' ! and with
excellent wear, corrosion resistance and other specific

12 With the increasing demands from in-

properties
dustries for improving performances, technologies of
better surface coatings, such as electroless composite
coatings co-deposited with various particles have been
widely employed. The main researches about these
coatings published up to now, however, concentrate
on two aspects. One is to enhance its wear resistance
by co-depositing some hard particles, such as alumr

BER I (ol

, silicon carbide'” and diamond pow ders

The other is to improve its friction properties by

adding some lubricating materials, such as molybde-

8]

num disulfide!” and fluoropolymers These com-

posite coatings can either increase the wear resistance
or decrease the friction coefficient, but few of the
composite coatings could obtain the comprehensive
properties with both high wear resistance and excel-
lent lubricity.

Carbon nanotubes (CNTs) have superstrong me-

chanical propertiest” ' and good lubricity of
graphite!""!. These properties of carbon nanotubes

make them be useful in developing new composite

coatings with excellent comprehensive

[12,13]

proper-
ties In this paper, composite nickelphospho-
rus coatings containing different contents of carbon
nanotubes were deposited, the effects of agitation,
surfactant and bath concentration of carbon nanotubes
on the amounts of carbon nanotubes in deposits were
investigated, and the morphology, structure and me-
chanical properties of the composite coatings were ex-

amined.

2 EXPERIMENTAL

2.1 Carbon nanotubes( CNTs)

The multrwalled carbon nanotubes( MWCNTs)
with 10 730 nm in diameter and 10 ~ 20 Pm in length
used in this experiment( Fig. 1) were prepared from
catalytic decomposition of acetylene over SiO>-Co cat-
alysts in our own laboratory. The products were purr
fied in 3 mol/L HNO3 for about 24 h at 60 C, and
then rinsed with distilled water. Because the length
to diameter ratio of the MWCNTs was too large to
disperse homogeneously during plating, a planetary
ball mill is employed to shorten the multrwalled car
bon nanotubes to about 1~ 5 Hm.

2.2 Bath composition and plating conditions
The composite coating was deposited from acid
containing nickel

hypophosphite bath, sulphate
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Fig.1 TEM image of purified multrwalled

carbon nanotubes

(NiSO4 * 6H,0), 25 g/L; sodium hypophosphite
(NaH,PO, * H20), 22 g/L; and sodium citrate
(NasCeHs0O7 * 2H,0), 10 g/L; sodium-ethane acid
(NaCyH30,), 16 g/ L; lactic acid( CsHsO4), 30 g/
L; carbon nanotubes, 0~ 10 mg/L; and lead nitride
[Pb(NO3)2], 2 mg/L with three different surfac
tants. The co-depositing was held for 3 h at 84 C
with pH value of 4. 6 to 4. 7 and stirred with four
types of agitation.

2.3 Plating procedure and measurements

The substrate of the coating was prepared from
45" steel with dimensions of 12 mm X 12 mm X 20
mm. The pre cleaned substrates were sensitized in a
stannous chloride solution (0. 1 mol/ L. SnCl, and 0. 1
mol/ L. HCl) then activated in palladium chloride solu-
tion (0. 01 mol/ L. PdClL, and 0. 25 mol/ L. HCI) for 1 min
prior to plating. The substrates were rinsed by dis-
tilled water before and after cleaning, sensitization
and activation. For the sake of the strong bonding of
the composite coating to the substrate, a thin layer of
about 1 = 3 Hm nickelphosphorus coating was firstly
deposited on the substrate, and then nickelphospho-
rus carbon nanotubes ( NrP-CNTs) coating was de
posited. The composite coating was subsequently an-
nealed at 400 C for 1 h and then cooled in air.

The amount of the carbon nanotubes in deposits
was analyzed on model Leco-334 carborrsulphur ana-
lyzer. In order to collect about 5~ 10 g powder of the
NrP-CNTs composite, several NrP-CNTs composite
coatings were deposited directly to the substrate and
then were peeled off from the substrate. The surface
morphologies in as-deposited state and after annealing
and the worn surface after sliding test were observed
by SEM. The structure of the coating was deter
mined by X-ray diffraction with CuK, irradiation.
The microhardness test was carried out by Vickers
hardness tester with a load of 1 N, and the wear /
friction test was carried out by a model MM-200 w ear
testing machine at a speed of 800 r/ min with a load of

750 N and an engine oil (20 ) for lubrication.
3 RESULTS AND DISCUSSION

3.1 Effect of agitation

Table 1 shows the effect of agitation methods
and rates on the deposited amount of carbon nan-
otubes. The results show that the amount of carbon
nanotubes co-deposited by ultrasonic agitation is
greater than that by other agitation methods ( me-
chanical stirring, magnetic stirring and nitrogen bub-
bling ). Of the four methods the

amount of the deposited carbon nanotubes changes

agitation

only a little with increasing agitation rate under the
experimental conditions. The probable reasons for
these were that, on one hand, in order to get NrP-
CNTs composite coating with better distribution of
carbon nanotubes, a stronger stirring method needs to
be employed since carbon nanotubes that tangled to-
gether as clusters during growing process(Fig. 1) are
much more difficult to disperse than other ultrafine
particles; on the other hand, the strong stirring of
the plating bath will wash the just deposited carbon
nanotubes away from the depositing surface, so the
moving velocity of the plating bath near the deposit-
ing surface must be controlled in a rational range.

Table 1 Effect of agitation on depositing amount
of carbon nanotubes

(CNTs 5 mg/L, CipH»504SNa 0. 01 g/ L)

CNTs content

Agitation condition Sir depsotis) %

Agitation type

Mechanical stirring 80 ~ 200 1/ min 0.1170.16
Magnetic stirring 200 ~ 400 r/ min 0.2170.24
Nitrogen bubbling 3.0~ 4.5 L/min 0.1270.13

Ultrasonic vibrating 10 _1523 é)(VHZ’ 0.47-0.52

3.2 Effect of surfactant

Table 2 shows the effect of different surfactants
on content of carbon nanotubes in the deposits. It is
clear from Table 2 that the coatings using anionic sur-
face active agent ( C12H2504SNa) and nonionic surface
active agent [ ( C2H40) ] contain higher depositing
amount of carbon nanotubes than that of the coating
using cation surface active agent ( CjoH4NBr). This
indicates that anionic and nonionic surfactants possess
better wetting, emulsifying and dispersing effect on
carbon nanotubes, thus it will be easily entrapped on
the depositing surface of the substrate.
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Table 2 Effect of surfactants on depositing
amount of carbon nanotubes

(CNTs 5 mg/L: Ultrasonic vibrating)

Cetyl
trimethyl  Sodium lauryl Polvvinvl
Surfactants ammonia su]fate ;)1(}37(:1']11(:{
(0.01 g/ L) bromide (Cir
( C19' Hys O4SNa) [ ( C2H4O) x]
HA"I NRT\
w(CNTs)/%  0.21 0.52 0. 44

3.3 Effect of carbon nanotubes concentration

The depositing amount of carbon nanotubes ver
sus concentration of carbon nanotubes in the plating
bath is shown in Fig. 2. The results show that the
amount of carbon nanotubes in the deposits increases
as carbon nanotubes concentration in the plating bath
increases from zero to 5 mg/L, but it increases as
much as about 0. 52% tending to saturation when
carbon nanotubes concentration in the bath is up to 5
mg/ L. This implies that carbon nanotubes in the de-
posits are independent of carbon nanotubes concentra-
tion after up to 0. 52%.
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Fig.2 Effect of CNTs concentration in plating
bath on CNTs content in deposits

From the above experimental results it can be
concluded that the depositing amount of carbon nan-
otubes mainly depends on the surface properties of
carbon nanotubes and the fluid velocity of the plating
bath near the depositing surfaces of the coating.
However, of all the surfactants and the agitation
methods studied in this paper the maximum content
of carbon nanotubes in the deposits is still low with
only 0. 52% . Therefore, it is significant to further
study an effective surfactant and agitation method for
preparation high performance of electroless plating

NrP-CNTs coating.

3.4 Surface morphologies and structure
The introduction of carbon nanotubes into the
deposits results in obvious change in surface color of

the NrP-CNTs composite coatings. The original

shining NrP coatings have changed to dull and black.
SEM observation on the black dotted area of the sur-
face in as deposited state ( Fig. 3 (a)) reveals that
most carbon nanotubes are co-deposited at the coarse
grain boundary in the form of clusters and part of
them are well dispersed in the form of single fiber at
its voids filling up with tinny grain NP particles. It
is clear that most of the carbon nanotubes are embed-
ded deeply in the NrP matrix and part of them are
protruded from the surface of the composite coating.

X e "

Fig. 3 SEM morphologies of Nt P-CNT's

composite coating
(a) —In as deposited surface;
(b) —After annealing at 400 C for 1 h;
(¢) —Worn surface after sliding test under load of 750 N
at speed of 800 r/ min for 10 h
(20* engine oil for lubrication)

Obviously, the surface structure of the coating
might be of high wear resistance and excellent an-

tifriction property because of the superstrong mechan-

ical properties'” ' and selflubrication of the carbon

]

nanotubes' ', Energy dispersive spectrum ( EDS)



. 684 * Trans. Nonferrous Met. Soc. China Aug. 2004
analysis of the black dotted area (Fig.4) shows that 3 =
the NrP-CNTs composite coating contains carbon v
nanotubes 6. 47% which is much greater than the av- i 1;“;"
-

erage content of carbon nanotubes in the deposits
(Tables 1 and 2). The contradictory results can be
only explained that most of the deposited carbon nan-
otubes are not in dispersed single tubules but in clus-
ter form, even though the carbon nanotubes are
shortened by ball milling for decades of hours and dis-
persed by ultrasonic agitation. Further observation on
the surface of the NrP-CNTs coating after heat treat-
ment at 400 C for 1 h shows that the surface mor-
phology is quite different from that in deposit state.
The coarse grain Nt P deposits disappear, the second
phase Ni3P ( black areas) disperses at the interfaces of
the aNi matrix ( bright and slightly dim areas), the
carbon nanotubes are embedded under the aNi ma
trix(slightly dim areas) and therefore can be observed
indistinctly ( Fig. 3(b)). X-ray diffraction ( XRD)
analysis of the NrP-CNTs coating after annealing
shows that only nickel, iron and Ni3P phases are pre-
sent and no graphite and carbide exist( Fig. 5). These
indicate that the introduction of carbon nanotubes in
the composite coating does not change the structure of
NP matrix, and that the amorphous to crystalline
structure transformation takes place with the precipi-
tation of Ni3P phase as it is similar to the NrP coat-

ing when it is annealed at 400 C for 1 h!'.

| Ni
NiK 85.10%
FeK  0.39%
PK  8.04%
CK  647%
Total 100.00%
Ni
8 10 12 14 16

Energy/keV

Fig. 4 EDS analysis of NrP-CNTs composite
coating at black dotted area in Fig. 3( a)

3.5 Hardness, wear resistance and friction coeffi-
cient

Microhardness as a function of the content of
carbon nanotubes in deposits is shown in Fig. 6. It is
shown that the hardness of the NrP-CNTs composite
coatings increases with the increasing amount of car
bon nanotubes in deposits, average microhardness val-
ue changes from HV 610 to HV880 as the content of
carbon nanotubes varies from zero to 0. 52% . These
indicate that the introduction of carbon nanotubes to
the composite coating greatly reinforces the NrP ma-
trix of the composite coating.

14 30 46 62 78 94 110
20/(°)

Fig. 5 XRD pattern of NrP-CNTs composite
ating (CNTs content 5 mg/ L; Ultrasonic vibrating;
C12H2504SNa 0. 01 g/ L) annealed at 400 C for 1 h
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Fig. 6 Micorhardness of NrP-CNTs coatings vs

carbon nanotubes content in coatings

The wear resistance of the NrP-CNT's composite
coatings( Fig. 7) show that the wear volume approxi
mately decreases linearly with increasing content of
carbon nanotubes in deposits under the experimental
conditions, and the minimum wear volume of the Nt
P-CNTs composite coatings occurs at the maximum
content of carbon nanotubes in deposits ( about O.
52%), which is about one sixth of that of the con-
ventional NrP coating. The friction coefficient test
results( Fig. 8) show that the friction coefficient of
the NrP-CNTs coatings ranges from 0. 25 to 0. 10 as
the carbon nanotubes content varies from zero to O.
52% .

SEM examination of the worn surface of NrP-
CNTs coating ( Fig. 3(c)) shows that most of the
worn surface become flat and smooth except for a lit-
tle adhesive wear vestiges and very small scratches
even though sliding under the load of 750 N at 800 r/
min for 10 h with 20" engine oil for lubrication.
These indicate that the carbon nanotubes deposited in
the composite coating can greatly enhance the load
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Fig. 7 Wear volume of NrP-CNTs coatings

vs carbon nanotube content in coatings
(sliding load of 750 N, sliding speed of 800 r/ min,
20" engine oil for lubrication)
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Fig. 8 Friction coefficient of NrP-CNTs coatings

vs carbon nanotubes content in coatings

(sliding load of 750 N, sliding speed of
800 r/ min, 20# engine oil for lubrication)

bearing capability and decrease the friction coefficient
of the composite coating. Apparently, the carbon
nanotubes in the deposits can suppress the plastic de-
formation and enhance the mechanical properties of
the Nt P matrix since the fiber strengthening effect of
carbon nanotubes! !, especially part of the extruding
carbon nanotubes embedded parallel to the coating
surface can protect the surface of the matrix from
wearing and decrease the contact area between the
tribo-surfaces. Moreover, the carbon nanotubes dis

lodged from the matrix can act as a micro-rolling

bearing between the tribo-surfaces, thus further de-
crease the friction coefficient of the composite coat-
ing. Therefore, it is deduced that the high wear re-
sistance and excellent friction property of the NrP-
CNTs composite coating can be attributed to the su-
perstrong mechanical properties of the carbon nan-
otubes embedded in the NrP matrix and its fiber
strengthening effect.
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