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ABSTRACT

The diamond-reinforced Ni nanocomposite coatings were fabricated by a co-
electrodeposition technique from a modified Watts-type bath in the presence of
the organic additive glycine. Then, the effects of glycine on the morphology,
microstructure, and mechanical properties of composite coatings were investi-
gated based on scanning electron microscopy, energy-dispersive X-ray spec-
troscopy, X-ray diffraction analysis, hardness testing, and wear testing. By
optimizing the glycine concentration, the incorporation of diamond particles
was increased from 8.07 to 15.53% at%, while the size of nickel crystallites
decreased with increasing glycine content to a smallest size of 15 nm. The
relationship between the glycine concentration, microstructure, and mechanical
properties including microhardness and wear resistance of the composite
coatings was examined. The coatings hardness increased from 280 to 580 HV as
the glycine concentration increased from 0 to 10 g L™'. These increases in
hardness were attributed to an increase in the content of embedded diamond
particles in the coatings and the decrease in the nickel grain size. The friction
and wear properties were evaluated as the concentration of glycine was opti-
mized, showing a decrease in the wear volume from 37.8 x 1072 to
17.9 x 107° mm?>. The wear resistance of the composite coatings increased as the
glycine content was increased to an optimum value of 10 g L™, beyond which
wear resistance decreased. Finally, a potential mechanism was proposed for
explaining the effects of glycine on the microstructure and mechanical proper-
ties of the Ni-diamond nanocomposite coatings.
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Introduction

Particle-reinforced metal matrix composites have a
wide range of engineering applications owing to their
high hardness, good wear resistance, and corrosion
resistance compared with those features of pure
metals or alloys [1, 2]. Rapid developments in com-
posite materials have seen many reports published
related to the preparation and performance of com-
posite coatings [3-5]. The composite particle type,
size, content, and interface of the composite coatings
markedly affect the properties and applications of
composite coatings [6, 7]. Several metals, including
nickel, chromium, zinc, cobalt, and their alloys (e.g.,
Ni-W, Ni-Co, Ni-Fe), have been used as metallic
matrices [8-10]. Notably, nickel has been recently
developed and widely used in engineering parts as a
protective coating with high tensile strength, good
toughness, and wear resistance. Hence, nickel is a
candidate for replacing environmentally hazardous
hexavalent chromium hard coatings [5, 11]. A nickel
matrix can be further modified by a second rein-
forcing phase, which is made up of fine hard particles
composed of metallic or nonmetallic compounds.
Typical particles include alumina [8, 12-14], SiC
[7, 15, 16], diamond [6, 17, 18], and ceria [19-21].
Among them, diamond has the highest hardness
[22, 23], such that micro/nano-sized diamond parti-
cles are ideal reinforcing phases for enhancing coat-
ing hardness and wear resistance [18].

A nickel-based diamond composite coating with
diamond as the dispersed phase and nickel as the
matrix phase can be used as a wear-resistant coating
in the aerospace industry, and in tools for grinding or
cutting hard materials [17, 24]. Ni-diamond com-
posite coatings maintain a sharp working surface,
which has seen doping of diamond particles into
diamond wire saws, grinding tools, drills, and other
grinding or cutting tools for working hard materials,
such as gemstones, jade articles, and ceramics [1]. In
recent years, as technology for creating synthetic
diamond has matured, the production costs of dia-
mond particles have decreased considerably. These
developments are particularly meaningful for
research on preparation and performance of nickel-
based diamond composite coatings [25].

Composite electrodeposition is a method of co-
depositing a second phase of fine particles within a
growing metal or alloy matrix during an electro-
plating process [5]. The co-electrodeposition
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technique has been extensively developed, owing to
its relatively low operation costs and low processing
temperatures [24, 26]. In this process, particles are
suspended in a conventional plating electrolyte and
captured into the growing metal coatings by
mechanical stirring and electric field. The properties
of composite coatings strongly depend on the content
of particles incorporated during the deposition
[1, 27]. Incorporation of more inert particles and more
uniform distribution of the particles in a nickel matrix
can improve the mechanical, tribological, anti-corro-
sion, and anti-oxidation properties of the composite
coatings [11, 28]. However, the incorporation and
distribution of co-deposited particles are affected by
processing parameters, such as particle characteris-
tics (particle shape, size, concentration, and surface
charge), bath composition (concentration, additives,
and type and concentration of the active agent),
current (current type and current density), bath
temperature, and pH [25-27]. Among various influ-
encing factors, the type and content of additives have
a distinct influence on the electrodeposition process
and coating performance [13, 17, 29]. There exist
quite a few works applying new additives to Ni-di-
amond co-electroplating baths [17, 30]. For instance,
Chuang et al. [17] studied the effects of propargyl
alcohol and found that the dispersion of diamond
particles and adhesion between the particles and
substrate were improved by the addition of propar-
gyl alcohol to the Ni-diamond composite electro-
plating bath. The corresponding coatings presented
good leveling properties and reliable cutting perfor-
mance. Choi et al. [30] demonstrated that the addition
of S-based additives favored the dispersion of the
diamond particles and improved the particles adhe-
sion properties, which in turn increased the surface
resistance.

As an organic additive, glycine has been applied to
prepare pure nickel coatings since the last century
[30, 31]. The ionized components of glycine in the
plating solution can form complexes with the nickel
ions, affecting the electrochemical process of nickel
deposition [32]. A high glycine concentration might
increase the cathode polarization of nickel elec-
trodeposition [33], thereby improving the surface
topography and hardness of the coating [34].
Accordingly, the effects of glycine on the perfor-
mance of Ni-diamond composite coatings should
also be important [17]. Nevertheless, there have been
no reports on the application of glycine to plating



J Mater Sci (2019) 54:9507-9522

solution for Ni-diamond electrodeposition to date,
let alone characterize the mechanical behaviors of the
corresponding composite coatings. The mechanism
by which glycine alters the performance of nickel-
based diamond composite coating is also unknown.
Therefore, the aim of this paper is to investigate and
examine the effects of glycine on the microstructure
and mechanical properties of Ni-diamond composite
coatings.

In the present research, glycine was introduced
into a widely used Watts-type bath as a novel organic
additive, and the co-electrodeposition of the Ni-dia-
mond composite coating was achieved from the
nickel plating bath containing diamond particles in
suspension. The effects of glycine on the
microstructure and mechanical properties of the
composite coatings were obtained by various surface
analysis techniques. Furthermore, combined with the
effect of glycine on the composition of plating solu-
tion, the function of glycine during the preparation of
nickel-based diamond composite coatings and the
effect mechanism of glycine on the mechanical
properties of the composite coatings were both
revealed.

Experimental
Electrodeposition procedure

The bath composition and deposition parameters are
outlined in Table 1. A basic Watts-type nickel plating
solution  (NiSO,-6H,O 240 gL~', NiCl,-6H,0

Table 1 Chemical composition of the electrodeposition bath and
the operating conditions

Components/parameters

NiSO,-6H,0 240 g L7
NiCl,-6H,0 40gL™!
H;BO; 30gL!
Saccharin 1gL™!
Sodium dodecyl sulfate 0.1gL™!
Diamond particles 15gL7"

Particle size of diamonds 1 um

Glycine 0,2,5,10,15gL™!
pH 4.0

Temperature 50 °C

Current density 4 A dm™

Stirring rate 500 rpm

Deposition time 30 min
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40 g L7!, H3BO5 30 g L") containing a few additives
(saccharin, sodium lauryl sulfate) was used, and the
additive glycine was added at 0, 2, 5, 10, and
15 g L™, respectively. All solutions were prepared
with analytic grade reagents and deionized water.
The bath pH was adjusted to 4 by dripping the dilute
sulfuric acid with 10% mass fraction and the NaOH
solution with 10% mass fraction into the bath in
proper order, and its temperature was maintained at
50 °C. A 304 stainless steel plate was used as sub-
strate with an exposed surface of 20 mm x 15 mm
defined by masking with insulation tape. The
preparation process of composite coating is shown in
Fig. 1. The steel plates were mechanically polished
with #400, #800, #1200, and #2000 emery paper and
then suspended for 5 min in a degreasing bath with
Na,CO; 30 g L', NazPO, 30 g L™, NaOH 40 g L™*
at 70 °C. The plates were chemically etched in 10%
H,50, at room temperature for 6 min to expose the
contamination-free surface. After each of the pre-
treatment steps, the substrates were rinsed with
deionized water and dried with an air flow.

The electroplating device and electrochemical
process are shown in Fig. 2. A 250-mL beaker placed
in a magnetic stirrer (LICHEN, DF-1015) at a stirring
rate of 500 rpm was used as the plating bath, and the
bath temperature was maintained at a constant. A
nickel plate and steel were used as the anode and
cathode, respectively, at a distance of 50 mm. The
electrodeposition began after switching on the DC
regulated power supply (LONGWEI, LW-3010KDS)
accompanied by a current density of 4 A dm .
During the plating, the cations in the bath moved to
the cathode surface under the electric field force and
also partly adsorbed to diamond particles, such that
the particles were also carried to the cathode surface
and co-deposited. After 30 min, the co-deposition
step was completed and the coated sample was
ultrasonicated in deionized water for 5 min.

Mechanically Chemically Ultrasonic
polished degreased cleaned

Ultrasonic Composite Ultrasonic Chemically
cleaned electrodeposition cleaned etched

Figure 1 Process for preparing Ni—-diamond composite coating.
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Figure 2 Equipment and electrochemical process of Ni—diamond
co-electrodeposition.

Instruments and methods

The macro-mechanical properties of Ni-based dia-
mond composite coatings are strongly affected by
their surface topography and structure, including the
surface roughness, grain size, and the incorporation
and distribution of diamond particles [1, 26, 28, 35].
The surface topography and chemical composition of
the Ni-diamond films were studied with a scanning
electron microscope (SEM, Phenom ProX, Dutch)
combined with energy-dispersive X-ray spectroscopy
(EDS). The distribution of diamond particles in the
cross section of the multilayers was viewed with an
optical microscope (OM, KH7700, Hirox, Japan). The
three-dimensional surface topography and surface
roughness of the composite coatings were measured
with a three-dimensional profiler (ST400, NANO-
VEA, USA). X-ray diffraction (XRD, D/MAX-2500,
Rigaku, Japan) was performed at 40 kV, with Cu K,
radiation and a scan rate of 4°min~"' over the range
between 0° and 90°. The preferred orientation and
grain size of the matrix material were determined
from the XRD patterns. Another X-ray diffraction
analyzer (u-X360s, Pulstec, Japan) which could collect
360° omnidirectional diffraction data to obtain a
complete Debye ring from incident X-rays at a single
angle with a self-equipped fully two-dimensional
surface detector was used to fully analyze the pre-
ferred orientation and grain size of the nickel matrix.
The instrument settings were 30 kV tube pressure, Cr
Kp radiation, in the (311) diffraction direction, a test
time of 120 s, and X-ray incidence angle of 35°. The
thickness of the specimen before and after plating
was measured with a digital micrometer (PD-151,
Pro’s Kit), and the difference was used to determine
the coating thickness. The average value at five dif-
ferent randomly selected points was defined as the
thickness of the composite coating.
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The microhardness was analyzed using a micro-
hardness tester (HXD-1000TMC/LCD, Shanghai
Taiming Optical Instrument Co. Ltd., China) with a
diamond pyramid indenter at a load of 200 g for 15 s,
being widely used for nickel films [27, 36]. The
average value of 10 different sampling points on the
surface was defined as the microhardness of com-
posite coating. The wear tests were performed by a
reciprocating ball-on-disk tester (UMT-2, Bruker,
Germany), connected to a computer monitoring the
dynamic coefficient of friction (in both sliding direc-
tions), at room temperature and a relative humidity
of 45-55% under dry sliding. An GCr15 stainless steel
ball (diameter = 4 mm) was used as the counterpart,
and the wear tests were performed for 30 min under
a load of 3 N with a sliding speed of 0.020 m s~
Wear rates of all the coatings and counters were
calculated on the basis of the volumetric loss, mea-
sured using a surface profilometer (Contour GT-K,
Bruker, Germany). Wear rates of all the composite
coatings were calculated using the equation
K =V (SF)!, where V was the wear volume loss in
mm?, S, the total sliding distance in m, and F, the
normal load in N.

Results

Surface morphology and composition
of coatings

The effects of different glycine concentrations on the
surface and cross-sectional morphology of the Ni-
diamond composite coatings are shown in Fig. 3. The
SEM images (Fig. 3a, b) indicate that the addition of
glycine improves the coating surface flatness and the
composite condition of diamond particles. The coated
surface becomes smoother as the glycine content is
increased, as shown in Fig. 3a—d. The coating with
optimal surface morphology and most particle
incorporation is achieved at a glycine concentration
of 10 g L™ (Fig. 3d). However, as shown in Fig. 3e,
when the glycine additive concentration is increased
to 15 g L™, bulges are formed by the accumulation of
nickel grains and diamond particles, which result in a
decrease in the coating flatness and surface quality.
The cross-sectional OM images are shown in Fig. 3f.
When there is no glycine, the amount of diamond
particles is lower and the particle aggregations are
obvious, indicating a weak particle strengthening
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effect, as shown in Fig. 3f. With the increase in gly-
cine concentration, the composite amount of dia-
mond particles increases obviously and the particle
aggregations decrease, meaning an improved particle
dispersion, as shown in Fig. 3g-i. The particle incor-
poration reaches optimal in the coating with glycine
at 10 g L', and the particle aggregations are least
(Fig. 3i), indicating the best particle dispersion.
However, as shown in Fig. 3j, excessive glycine leads
to bigger particle aggregation in the coating and
bulges on the corresponding coating surface, so the
particle dispersion in the coating is the worst. The
effect of glycine on the thickness of the composite
coating is shown in Fig. 4. The coating thickness
decreases as the glycine concentration is increased,
which is consistent with the variation of coating
thickness from the cross-sectional OM observation, as
shown in Fig. 3f-. This result further indicates that
the change of glycine concentration affects the co-
electrodeposition rate.

The EDS results of the coatings and the incorpo-
ration of diamond particles at different glycine con-
centrations are shown in Fig. 5. These results indicate
that the coatings are composed of nickel and dia-
mond, and the diamond content increases as the
glycine concentration is increased. The highest dia-
mond particle content is 15.53 at% at a glycine con-
centration of 10gL~'. However, when the
concentration of glycine is increased further, dia-
mond incorporation declines.

Substrate

20pm_ Sybstrate _20pm 20pm

Substrate

respectively; cross-sectional OM morphology of composite
coatings prepared by different glycine contents: f 0 g L™,
g2gLl L h5gL ™ itogL ™, j15gL™"
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D
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o
&
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Figure 4 Effects of glycine on the deposition rate of composite
coatings.

Surface roughness

The three-dimensional surface topography and
roughness are evaluated as functions of the glycine
concentration, as shown in Fig. 6 and Table 2,
respectively.

These results show that increasing glycine con-
centration improves the coating flatness and reduces
the surface roughness, as shown in Fig. 6a—d. How-
ever, excess glycine causes bump-like aggregations
on the coating surface, which increase surface
roughness, as shown in Fig. 6e. The composite coat-
ing has the lowest surface roughness when the gly-
cine concentration is 10 g L™".
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Figure 5 Diamond content in
the Ni—diamond composite
coatings measured by EDS
fitted to a scanning electron
microscope: a without glycine,
b5 gL~ glycine, ¢ 10 g L™
glycine, d 15 g L™! glycine.

o Ni

Ni: 91.93 atom.%
C: 8.07 atom.%
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aN
Ni: 89.82 atom.%
C: 10.18 atom.%

o )

" Ni: 84.47 atom.%
C: 15.53 atom.%

Ni: 87.24 atom.%
C:12.76 atom.%

[=]

¢

(a) (b)

Diamond particle

(d) (e)

aggregation

Figure 6 Surface roughness of Ni-diamond composite coating layer electrodeposited by addition of glycine: a 0 g L™, b 2 g L™,

c5gL7',d10gL™  ande 15 gL™".

Table 2 Roughness average

(R,) of the surface of Ni— Concentration (g L") 0 2 5 10 15
. o ot
$§?zzge?nipzis;: coatngs R, (um) 0.7340 0.5898 0.5187 0.4765 1.5108
gy Std.dev. (um) 0.0120 0.0305 0.0213 0.0037 03910

Microstructure

XRD patterns of the Ni-diamond composite coatings
prepared with different glycine concentrations are
illustrated in Fig. 7. The composite coatings exhibit
typical face-centered cubic lattice of nickel with

@ Springer

different orientations. The preferred crystal orienta-
tion of the grains in the polycrystalline nickel metal is
the (111) and (200) crystal planes. The peak intensities
of these two planes for the composite coating pro-
duced without glycine are stronger than those of the
coatings prepared with glycine. However, the peak
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Figure 7 XRD patterns for composite coatings produced with
different glycine concentrations in the plating bath.

intensities of the (111) and (200) planes decrease as
the glycine concentration increases, whereas the peak
intensity of the (220) plane increases slightly. Hence,
the inner crystal orientations of the composite coat-
ings become more random as the glycine concentra-
tion is increased.

Huis et al. [35] reported that the Scherrer XRD
method and TEM observations are consistent in
determining the mean cluster sizes. The Scherrer’s
equation [37], as Eq. 1 given, can be used to calculate
the average grain sizes of the composite coatings
prepared with various glycine contents.

0.9
- pcosB ()

where D is the main nickel grain size of the produced
coating, / is the wavelength radiation (0.154 nm), 0 is
the Bragg diffraction angle, and f is the full width at
half maximum (FWHM).

By using Eq. 1, the nickel grain sizes of different
composite coatings are achieved (shown in Fig. 8),
which indicate that finer nano-sized matrix crystals
are achieved by the addition of glycine and new
crystallization sites form more rapidly when glycine
is added to the plating bath. These results suggest
that the additive glycine stimulates the nickel grain
refinement.

' 9513
21.0
° —®— QGrain size
_195¢ \
g [ J
g \
Q
N 180 ®
: \
g °
16.5
150} ®
0 5 10 15

Conc. of glycine (gL™)

Figure 8 Effects of glycine on the Ni grain size in Ni-diamond
composite coatings.

To further explore the influence of glycine on the
microstructure of Ni-diamond composite coatings,
the three-dimensional (3D) Debye-Scherrer rings are
measured corresponding to the composite coatings
prepared under different glycine concentrations
(Fig. 9), where the color represents the diffraction
intensity.

As shown in Fig. 9a, the Debye-Scherrer ring of the
coating prepared without glycine is discontinuous,
and the diffraction intensity is unevenly distributed
along the circumference of the Debye-Scherrer ring,
as shown in Fig. 10a. The distinct intensity of the
Debye-Scherrer ring is clearly related to the texture
of the specimen [38]. The uneven distribution of the
diffraction peak FWHM indicates a large variation of
the nickel grain size. Conversely, a smaller FWHM
indicates a larger grain size. The XRD patterns shown
in Fig. 7 show similar behavior.

As shown in Fig. 9b—e, the Debye-Scherrer rings
with higher glycine concentration tend to be more
continuous. Namely, the intensity of the Debye-
Scherrer ring is evenly distributed along the circum-
ference, shown in Fig. 10b, revealing a more ran-
domly oriented polycrystalline material [38] (as for
the results shown in Fig. 7). In this way, the lattice
vacancy defects, which mainly concentrated on cer-
tain crystal planes, are reduced. Hence, the unifor-
mity of the distribution of nickel atoms also

@ Springer
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Figure 9 3D Debye—Scherrer rings of (311) diffraction plane from different specimens prepared by addition of glycine: a 0 g L™,

b2gL ', c5gL7',d10gL™ ", ande15gL™".
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Figure 10 Distribution of diffraction peak intensity and FWHM
of 3D Debye—Scherrer rings corresponding with coatings prepared
by adding glycine: a0 g L™, and b 10 g L™".

improved, which contributes to the enhanced
micromechanical properties of the coatings [15].
Furthermore, the FWHM values of the diffraction
peaks in Fig. 10b are more uniform and larger than
those in Fig. 10a. Accordingly, the average nickel
grain size is smaller, which is consistent with the
varying trend of grain size shown in Fig. 8.

@ Springer

Microhardness

The effects of glycine on the microhardness of the
pure Ni coatings and Ni-diamond composite coat-
ings are shown in Fig. 11, showing that the addition
of glycine increases the coatings microhardness.
Furthermore, the microhardness gradually increases
as the glycine concentration is increased. The highest
microhardness of the composite coatings is 580 HV at
a glycine concentration of 10 g L™". However, when
the glycine concentration reaches 15g L™, the
microhardness decreases. Although the hardness of
the pure nickel coating continues to increase, many
bulges appear on the surface, and the hardness is
much lower than that of the composite coating. Grain
refinement based on the Hall-Patch effect can
increase the coatings hardness [39], and it is likely
one contribution of glycine to grain refinement
(Fig. 9).
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Wear resistance

Friction curves of the composite coatings corre-
sponding to different glycine concentrations under
dry sliding conditions are shown in Fig. 12. The
friction coefficient increases sharply during running
in and then stabilizes to a steady state. The friction
coefficient of the coating prepared without glycine
is ~ 0.6. The addition of glycine decreases the fric-
tion coefficient to a minimum of ~ 0.4 at a glycine
concentration of 10 g L™". The effects of glycine on
the diamond content and wear rate of the composite
coatings and bearing balls are shown in Fig. 13. The
wear rates of the corresponding Ni-diamond com-
posite coatings decrease as the glycine concentration
in the plating bath is increased. The wear rate reaches
the lowest when the glycine content is 10 g L™". The
low wear rate of the composite coatings can be
attributed to the dispersion-strengthening effect from
the diamond particles incorporation (Fig. 13) [1, 40].
The material removal rate of the GCrl5 steel ball
bearing increases with increasing glycine content,
and the removal rate of the ball on the composite
coating prepared at 10 g L™" of glycine is twice as
high as that without glycine (Fig. 13), which indicates
that the Ni-diamond composite coating, fabricated
with added glycine, inhibits self-abrasion and
increases cutting efficiency [1].

SEM has been used to study the wear surfaces of
the co-deposited coatings prepared with different
glycine concentrations as shown in Fig. 14. The wear
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Figure 12 Friction curves of the composite coatings prepared
with different glycine concentrations under dry sliding condition.
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Figure 13 Effects of glycine on diamond content and wear rate of
composite coatings and bearing balls.

Figure 14 SEM images of the worn coating surfaces under dry
sliding conditions corresponding to different glycine contents:
a0gL ™ b5gL ™", c10gL™",andd 15 g L™". Inset images
show a, b, ¢, and d at higher magnification.

tracks of the composite coatings show various scrat-
ches that contribute to wear loss [27]. Heavy peeling
and delamination occur in the bulk during wear
testing as shown by high-magnification SEM images
of the wear surfaces of the composite coatings pre-
pared without glycine (Fig. 14a), owing to the low
adherence strength between the co-deposited layer
and the substrate [6]. Nevertheless, the adhesion
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wear and scuffing on the worn surfaces of the com-
posite coatings decrease to some degree when glycine
is added, particularly for the coating prepared with
glycine at 10 g L™'. Figure 14(c) shows narrower
wear tracks and shallow discontinuous scratches,
which are attributed to the dispersion strengthening
by the higher content of diamond particles embedded
in the composite coating (Fig. 12). Thus, the glycine
increases the adhesion strength between the co-de-
posited layer and substrate. However, when the
glycine concentration exceeds its optimum value, the
brittleness of the metal matrix increases, and the
deposited nickel is not able to bind all the particles
tightly within the matrix. As a result, the counter
body damages the coating surface and the anti-wear
performance of the coatings decreases. The wear scar
clearly demonstrates the wear resistance of the com-
posite coatings [12], confirming that 10 g L™" is the
optimal glycine concentration for achieving the
composite coating with the highest wear resistance.
In comparing the effects of glycine on the hardness of
the composite coatings (Fig. 11), the wear resistance
follows the same varying trend, as described in the
literature [2, 20].

Discussion
Effects of glycine on plating bath

Although glycine is usually presented as H,N-CH,-
COQH, it is considered to be a dipolar ion (zwitte-
rion) with a structure that protonates or deproto-
nates, depending on the solution pH [24]. In our
research, the pH does not change during the plating
process because the pH value of the bath was mea-
sured every 2 min by pH meter during the whole 0.5-
h electrodeposition experiment, and the results
showed that the pH value was kept at 4.0. When the
pH of the plating solution is 4, the main structure of
glycine ions under ionization equilibrium is H,N-
CH,-COO™, where lone pair electrons provided by
the oxygen atom of the carboxyl group tend to
occupy the empty orbit of Ni**, resulting in com-
plexation between Ni** and Gly~ [33]:

Ni*" 4+ Gly~ — Ni[Gly]" (2)

The main complex is highly dependent on the bath
pH, and its structure changes little when pH is stable,
regardless of the glycine concentration [41].
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Visual MINTEQ, a software for the calculation of
speciation, solubility, solid equilibrium, and minerals
dissolved in aqueous solution under of chemical
equilibrium [42], was applied to simulate the ion
concentrations, pH, and temperature in the present
work. The concentration of each component in the
bath and the type and concentration of the complexes
could be determined by setting the bath pH to 4, and
the temperature to 50 °C, and then inputting the bath
composition and its molar concentration. The calcu-
lation results illustrated that the main species of
glycine was the complex [NiGly]*, with negligible
complexation between Ni** and saccharin, sodium
dodecyl sulfate [43]. The effects of glycine on the
molar ratio of Ni** and molar concentration of free
glycine are shown in Fig. 15, which shows that the
molar ratio of [NiGly]" and the concentration of
glycine molecules increases almost linearly with the
increase in glycine concentration, whereas the molar
ratio of Ni** decreases. Furthermore, Ni** mainly
exists as free cations rather than [NiGly]*. Therefore,
the main reduction reactions at the cathodes in the
electrodeposition process are:

Ni** +2¢~ = Ni (3)
Ni[Gly]* + 2¢~ = Ni + H,NCH,COO~ (4)

Effects of glycine on composite coating
Effects on deposition rate

The deposition efficiency of the composite coating is
generally determined by the electrodeposition rate.

100 10.25

Free glycine molecules

80 10.20
s _Ni2+
£ 60l|—Nilglyl' {o.15
o]
.S
5 40} 10.10
<
3=
4 20 0.05
> .
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(7/10w) sarnosjowr A3 9913 JO "UOD
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Figure 15 Effects of glycine on the molar ratio of Ni** and molar
concentration of free glycine.
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The effects of glycine on the electrodeposition rate are
shown in Fig. 4. The deposition rate decreases as the
glycine concentration is increased, whereas the elec-
trodeposition rate of the plating layer depends on the
ion concentration at the cathode surface [44].

Based on the experimental phenomena and results,
a micromodel with electro-chemo-mechanical cou-
pling is presented, shown in Fig. 16, to describe the
electrochemical process on the cathode surface under
different glycine concentrations. The trend described
above (Fig. 4) might be attributed to the fact that,
comparing with the case without glycine shown in
Fig. 16a, complexation of Ni*" with glycine reduced
the nickel ion concentration at the cathode surface
and suppressed the reduction reaction [11], which
further decreased the electrodeposition rate, shown
in Fig. 16b. In addition, a few free glycine molecules
were adsorbed onto the cathode surface during the
deposition process which reduced the number of
reactive sites. Thus, the reduction in Ni*T was
inhibited to a certain extent, thereby reducing the
deposition rate. However, as the glycine concentra-
tion further increased, the excess complex formed in
solution increased the reduction difficulty and an
insulating layer was formed as a result of more gly-
cine molecules being adsorbed on the cathode sur-
face, shown in Fig. 16c, blocking the continuity of
electrodeposition and eventually decreasing the
nickel deposition rate.

In addition, because a complex ion only carried a
single positive charge, the charge of the particles

Figure 16 Micromodel of
electrochemical process on
cathode surface under different
glycine concentrations.

cathode
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surrounded by complex ions tended to decrease with
the increasing glycine, thus weakening the electric
field force, which decreased the deposition rate of
diamond particles, as listed in Fig. 16. Finally, the
overall deposition rate showed a decrease, indicating
that the inhibitory effects of glycine on the co-depo-
sition rate were positively related to glycine concen-
tration, which greatly reduced the deposition
efficiency. This micromodel shown in Fig. 16
demonstrated that glycine had a regulatory effect on
the co-electrodeposition rate.

Effects on microhardness

The high hardness of diamond particles has a
strengthening effect on the nickel matrix through
dispersion hardening, which improves the ability of a
coating to resist plastic deformation [45, 46]. So the
hardness of the composite coating is much higher
than that of a pure nickel coating. The increased
hardness of the composite coating may also be
attributed to the effects of glycine on promoting grain
refinement.

An electro-chemo-mechanical coupling micro-
model about the composite coatings prepared by
different glycine concentrations is shown in Fig. 17,
which is based on the model of the electrochemical
process shown in Fig. 16. When the bath was free of
glycine (Fig. 17a), the grain size of the nickel matrix
was larger with fewer grain boundaries, whereas the
size of grains surrounding the diamond particles was

o Diamond particle

Concentration of glycine (a) < (b) <(c)

Charge quantity of particle (a) > (b) > (¢) S 1;:;cme molecule
The electric force of particle (a) > (b) > (¢) D Ni[Ch]'
Electrodeposition rate (a)> (b)> (¢ = Gy

7Y e
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(a) 0g/L glycine (b) 5¢/L glycine

Substrate

Substrate

) Diamond particle Glycine 2 Nitt

(e)

"™

)

Substrate

Substrate
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(c) 10g/L glycine

(d) 15g/L glycine

Protective glycine barrier

Substrate

————— Nickel grain boundary

(h)

Substrate

Begin deposition After Smin

After 15min Final product

Figure 17 Micromodel of composite coatings prepared at different glycine concentrations: (a—d); micromodel of the composite coating

deposition process at 10 g L™" glycine: (e—h).

smaller than that of other zones without diamond,
possibly owing to the inhibiting effect on the growth
of nickel nuclei caused by the inclusions or steric
hindrance of inert diamond particles [23]. This effect
promoted the growth of different crystal grains,
leading to grain refinement. However, the average
grain size of such nickel matrix was still relatively
large (Fig. 8) and the microhardness of the composite
coating was less than 400 HV (Fig. 11).

The addition of a moderate amount of glycine
improved the quality of composite coating. As shown
in Fig. 16b, a few free glycine molecules were ran-
domly adsorbed onto the cathode surface, so that
cathode active sites became more disperse. Thus, the
growth of crystal nuclei was disturbed, which pro-
moted new nucleation sites. Comparing the case
without glycine as shown in Fig. 17a, the nickel
grains became smaller and the number of grain
boundary increased due to the addition of glycine, as
shown in Fig. 17b, c.

This effect increased the hardness of the nickel
matrix. The active sites were randomly occupied by
glycine molecules, dispersing the diamond particles
enveloped by the cations. The number of free glycine
molecules increased with the glycine concentration

@ Springer

(Fig. 14). The glycine molecules adsorbed by the
diamond particles partly embedded into the matrix
prevented cations reduction, changing such exposed
particle surface into inactive site. Thus, the sus-
pended diamond particles enveloped by cations were
oriented to the active sites (Fig. 16b), which in turn
hindered the particles agglomeration and resulted in
a more uniform distribution of diamond particles,
enhancing the strengthening effect of diamond par-
ticles on the matrix nickel. When the glycine con-
centration was increased to 10gL”', the
microhardness of the composite coating reached its
maximum, 580 HV.

However, the hardness showed no further increa-
ses as the glycine concentration was increased to
15 g L' for the following reasons. The excess com-
plex reduced the charge of diamond particles and
decreased the deposition rate of particles (Fig. 16¢).
Furthermore, a bulky diamond particle adsorbed too
many glycine molecules, which could not be taken
away by stirring in time, might form an insulating
layer, which prevented the coating from depositing
and gradually formed a pit in that local area. Then, an
uneven coating surface was achieved and eventually
resulted in the bulges and aggregation, as shown by
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the results in Figs. 3e and 6e. Ultimately, the coating
microhardness decreased as a result of the weak
reinforcement by uneven diamond distribution in the
nickel matrix. The composite coating achieved the
highest microhardness when the glycine concentra-
tion was 10 g L™', as shown in Fig. 11.

In addition, the effect of glycine on coating hard-
ness could also be explained by considering the sys-
tem energy. An increase in glycine in the plating bath
caused a negative shift in the cathodic polarization
curve [34, 47], which increased the over-potential.
That is, more energy was required from the power
supply to activate the complex owing to its higher
stability constant during the reduction reaction. It is
well known that the smaller crystal nuclei have a
higher surface free energy. Accordingly, the critical
size of the nickel crystal nuclei was decreased to
counteract the extra system energy. As the nucleation
rate increased, the growth of crystal nuclei was
retarded, resulting in grain refinement, as shown in
Figs. 8 and 17a—c. Grain refinement could increase
the coatings hardness based on the Hall-Patch effect
[35], and glycine likely contributed to the improved
hardness in this way.

Effects on roughness

Not only the grain refinement, but also the addition
of glycine improves the roughness of the composite
coating. Figure 17e-h describes the co-electrodeposi-
tion process at a glycine concentration of 10 g L™". At
the beginning of the deposition, pits or grooves were
created on the surface of the stainless steel substrate.
The flow direction of the plating solution under

Sample
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preparation omposite coatings by various glycine conten
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micro-model ! 1ncorporation roughness size

' A

Mechanism <«— Wear resistance Microhardness <«
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Figure 18 Flowchart for optimizing glycine concentration during

Property
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content

the co-electrodeposition of Ni—diamond composite coatings.
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stirring was perpendicular to the direction of the
grooves, inducing that the glycine preferentially
adsorbed to the higher protrusions of cathode surface
and the nickel ions preferentially deposited in valleys
(shown in Fig. 17e), which smoothed the cathode
surface as shown in Fig. 17f. This procedure also
enhanced the continuity of the interface between the
film and substrate and consolidated the bonding
strength. Meanwhile, the absorption of complex ions
onto the diamond particles weakened the effects of
the electric field on the particles, which promoted the
glycine molecules to be randomly adsorbed on the
cathode surface and disturbed the active sites, thus
avoiding agglomeration of the dispersed particles.
Hence, the distribution of the diamond particles in
the composite coating became more uniform, shown
in Fig. 17g. All above led to the formation of rela-
tively flat coating surface, shown in Fig. 17h.

The trend above reversed when the glycine con-
centration was 15gL™', as shown in Fig. 16c,
because of excess glycine adsorbed on the angular
surface of the diamond particles and the cathode
surface, firming a local protective layer to hinder the
further deposition, whereas the deposition continued
in other areas, inducing an increase in surface
roughness, as shown in Fig. 17d.

Effects on wear resistance

The diamond particles dispersing inside the com-
posite coating reduced the direct contact between the
nickel and the bearing ball, decreasing the wear of the
composite coating during the friction process. During
wearing, the diamond particles in the composite
coating were continuously exposed and subjected to
the bearing ball. Because the friction coefficient, p,
between the diamond and the bearing ball (x = 0.16)
was far lower than that between the nickel and the
bearing ball (u = 0.44) [25], the diamond particles
reduced the shear force along the friction surface of
the composite coating and the bearing ball [26]. A
higher content and/or a more uniform distribution of
diamond particles inside the nickel matrix gave the
composite coating a lower friction coefficient and
better wear resistance [27]. According to the analyses
above, the content and uniformity of diamond par-
ticles showed a positive correlation with the glycine
concentration until 10 g L~%; hence, the Ni-diamond
composite coating had its lowest friction coefficient
(Fig. 12) and the highest diamond content (Fig. 5) at
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glycine concentration of 10 g L™'. This result was
also consistent with the wear resistance, which was
positively related to the diamond content. When the
glycine concentration reached 15 g L~} the inhibitive
effect of excess glycine caused agglomeration of the
diamond particles and the complex ions carrying a
lower charge decreased the particle co-deposition
rate, reducing the amount of particles in the com-
posite coating and weakening the coating wear
resistance. In one word, glycine plays an important
role in the wear resistance of the composite coating
(Fig. 13).

Conclusions

This paper presented an experimental work applying
glycine as a new multifunctional additive to improve
the mechanical properties of Ni-diamond composite
coating deposited in a Watts-type bath. A
flowchart for optimizing the glycine concentration
during the co-electrodeposition of Ni-diamond
composite coatings is proposed as shown in Fig. 18.
The experimental results confirmed that the presence
of glycine effectively improved the surface mor-
phology, diamond particle content, and the rough-
ness of the Ni-diamond composite coatings. Glycine
complexation contributed to the grain refinement
inside the microstructure of the coating and
improved the dispersion of the diamond particles in
the coatings, both of which made a positive contri-
bution to the amount and uniformity of embedded
diamond particles. The improvement of amount and
uniformity then enhanced the microhardness,
reduced the friction coefficient, and hence increased
the wear resistance of the composite coatings, which
was proved by wear testing under dry sliding con-
dition. The wear resistance, diamond incorporation,
and microhardness were all achieved their optimum
conditions when the glycine concentration was
10gL"
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