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Abstract

Nanocrystalline (nc) nickel and cobalt coatings with different grains size were produced by the control of current density during pulse electrode-
position process. Effects of grain size reduction on the tribological properties of nanocrystalline Ni and Co coatings associated with phase structure
were investigated comparatively. An important and interesting result is that the wear volume loss of all the Co coatings are more than one order of
magnitude lower and the friction coefficient are nearly two times smaller than that of Ni coatings with almost the same grain size under the same
wear conditions. For the nanocrystalline Ni coatings with face-centered cubic (fcc) structure, hardness related to grain size plays a dominating
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ole in the tribological behavior, whereas in the case of nanocrystalline Co coatings with hexagonal close-packed (hcp) structure, the tribological
ehavior was slightly influenced by the hardness. The difference in friction and wear behavior between Ni and Co coatings as a function of grain
ize or hardness can be attributed to their different phase structure and the corresponding wear mechanism.
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. Introduction

Nanocrystalline (nc) materials, with average range of grain
izes typically smaller than 100 nm, have been the subjects of
ntensive research both in the scientific and industrial com-

unities in recent years [1,2]. Many processing techniques
eveloped for producing nanocrystalline materials, such as gas-
ondensation, ball milling, severe plastic deformation and elec-
rodeposition [3–5]. Among these, electrodeposition has been
ecognized as a technologically feasible and economically supe-
ior technique for production of nanocrystalline materials [6,7].
ecause of the higher instantaneous current density in compar-

son to direct current electrodeposition, pulse electrodeposition
as received considerable attention in recent years for producing
anocrystalline materials owing to the possibility of changing
heir properties by intelligent regulation of pulse parameters [7].
he unusual properties associated with the ultrafine grain size,
uch as mechanical, thermal stability, corrosion and magnetic
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properties compared with conventional polycrystalline materi-
als have been investigated by quite a lot of researchers [8–10].
Mishra and Balasubramaniam [11] have recently investigated
the effect of grain size on the corrosion behavior of nanocrys-
talline Ni coatings. Gómez and Vallés have studied the effect
of phase structure on the magnetic properties of nanocrystalline
thick Co coatings [12]. Their results showed that some prop-
erties of electrodeposited nanocrystalline coatings are greatly
influenced by the grain size and structure of coatings.

Previously studies have shown that grain size reduction for
nanocrystalline Ni, Al and Ni–P lead to the significant improve-
ment of wear resistance [8,13,14]. Wang et al. [15] have found
the surface nanocrystallization in low carbon steel exhibited
significantly improved friction and wear properties. Since
friction and wear of coatings are of high concern especially in
industrial components resulting in huge economic losses and
sometimes catastrophic failure [16]. Although several studies
had been undertake to investigate the tribological behavior of
nanocrystalline Ni [4,8], the research on nanocrystalline Co
coatings, in particular the tribological properties is not yet
reported. As a consequence, the investigation on the friction
E-mail addresses: liangjun9@yahoo.com.cn (T. Xu), lpwang@lsl.ac.cn,
ingpingwlp@hotmail.com (Q. Xue).

and wear behavior of nanocrystalline Co coatings correlated
with phase structure and grain size is of vital significance for the
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potential application of electrodeposited nanocrystalline mate-
rials. In this paper, our aim was to obtain the nanocrystalline Ni
and Co coatings and to comparatively correlate the structure,
grain size and tribological properties the nanocrystalline
coatings. Specifically, interests are focused on the friction and
wear mechanism of electrodeposited nanocrystalline coatings.

2. Experimental procedures

Nanocrystalline nickel and cobalt were produced by pulse electrodeposition
from a nickel sulfate electrolyte and cobalt sulphate electrolyte, respectively, and
both containing sodium chloride, boric acid and saccharin as a stress reliever and
grain refinement agent. The bath temperature was kept at 45 ◦C. The pH value
of the electrolyte was in the range of 3–4. The pulse peak current density, Jp, is
defined by average current density (Jm), pulse on-time (Ton) and pulse off-time
(Toff) in Eq. (1). In pulse electrodeposition, the peak current density varied from
5 to 40 A dm−2 under an on-time of 0.2 ms and off-time of 0.8 ms to obtain the
nanocrystalline Ni and Co coatings with different grain size.

Jm = JpTon

Ton + Toff
(1)

For comparison, the polycrystalline nickel and cobalt were also deposited from
the above plating bath using direct current electrodeposition methods. The
anodes for the deposition of Ni and Co were a high purity Ni sheet and Co sheet,
respectively. Prior to deposition, AISI-1045 steel substrates used as cathodes
were mechanically polished to a 0.10–0.12 �m surface finish, then a sequence
of cleanings were performed to remove contamination on the substrate surface,
the steel substrates were activated for 20 s in a mixed acidic bath, then rinsed
with distilled water. The pH of the bath was adjusted by ammonia water or dilute
s
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Fig. 1. Typical line profile of wear tracks measured by a surface profiler after
wear tests.

increasing Jp, which are consistent with the previous results on
the electrodeposited Cu, Zn. According to the electrocrystal-
lization theory, a high cathodic overpotential, usually caused by
the high current density, speeds up the nucleation process and
results in fine-grained coatings [18]. Hence, increase of Jp leads
to a progressive reduction in grains size from a sub-micro to a
nanoscale.

Normally, strengthening of polycrystalline materials by grain
size refinement is technologically attractive because it gener-
ally does not adversely affect ductility and toughness [19], the
classical effect of grain size on hardness can, among other
possibilities, be explained by a model invoking a pile-up of dis-
locations against grain boundaries, which can be represented by
the well-known Hall–Petch effect without considering factors
like porosity and internal stress.

H = H0 + kd−0.5 (2)

where H0 is hardness constant, k the constant and d is the
diameter of grain. The Hall–Petch effect in conventional coarse-
grained materials is attributed to the grain boundaries acting

F
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ulfuric acid. The coatings thickness was fixed to approximately 50 �m.
The surface morphology and grain size of conventional polycrystalline Ni

nd Co were investigated using a JSM-5600Lv scanning electron microscopy
SEM). The crystal structure of electrodeposited coatings were studied by X-ray
iffraction (XRD), the grain size of nanocrystalline Ni and Co were determined
sing the Scherrer equation based on X-ray line broadening technique [17],
hich was commonly applied to calculate the grain size of nanocrystalline
aterials by many researchers [4,8,11]. A surface profilometer was employed to
easure the surface roughness. Microhardness of the coatings was determined

sing a Vicker’s microhardness indenter with a load of 50 g for 10 s, indentations
ere made on the 50-�m thick coatings. The final value quoted for the hardness
f a coating was the average of 10 measurements.

The friction and wear behavior was tested on a reciprocating ball-on-disk
MT-2MT tribometer (Center for Tribology Inc., CA, USA) at room tem-
erature with a relative humidity of 45–50% under dry sliding conditions.
ISI-52100 steel ball (diameter 4 mm) was used as the counter body. All tests
ere performed under a load of 3 N and a sliding speed of 0.055 m s−1. The fric-

ion coefficient and sliding time were recorded automatically during the tests.
fter wear tests, line profile of wear tracks was measured using a surface pro-
lometer as typically shown in Fig. 1, which clearly determined the shape and
epth of the wear track, and thus the wear volume. The wear rates of all the
oatings were calculated using the equation of K = V/SF, where V is the wear
olume (in mm3), S the total sliding distance (in m) and F is the normal load (in
).

. Results and discussion

.1. Formation of nanocrystalline Ni and Co coatings

Nanocrystalline Ni and Co coatings with different grain sizes
ere fabricated through the control of peak current density in

his case. Fig. 2 shows the influence of the pulse peak current
ensity (Jp) on the average grain size of nanocrystalline Ni and
o coatings while keeping other parameters constant. It is clear

hat the average grain size of Ni and Co coatings decreases with

ig. 2. Variations of average grain size of nc Ni and Co coatings as a function
f pulse peak current density.
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