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Influence of Pulse Electrodeposition and Heat Treatment
on Microstructure, Tribological, and Corrosion Behavior
of Nano-Grain Size Co-W Coatings
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In the present study, Co-W nano-structured alloy coatings are produced on low-carbon steel substrate by
means of pulse electrodeposition from a citrate-based bath under different average current densities and
duty cycles. The results indicate that the coating deposited under 60% of duty cycle and 1 A/dm? of average
current density exhibit optimum pulse plating conditions with 44.38 wt.% W, 37 nm grain size, and 758 HV
microhardness. The effect of heat treatment temperature on microstructure, composition, corrosion
behavior, and morphology of amorphous deposited Co-W alloy with 44 wt.% W was investigated. The
microhardness of the coating increased to 1052 HV after heat treatment at 600 °C, which is due to the
formation of Cos;W and CoWOQ, phases in the deposit. Furthermore, the coatings heat-treated at 600 °C
had lower friction coefficients and better wear resistance under various loads than before heating.

Keywords Co-W coating, corrosion, duty cycle, electrodeposi-
tion, heat treatment, wear resistance

1. Introduction

Electrodeposited chrome coatings with high hardness and
appropriate abrasive properties have been used in a wide
range of applications to prevent surface detriments, and also
these coatings have catalytic activity (Ref 1). However,
environmental protection rules have become effective in
restricting the use of hexavalent chromium due to the high
toxicity of Cr(VI) (Ref 2). Therefore, Ni- and Co-based
alloys are applied for abrasive applications as a substitute for
Cr. Among available coatings, electrodeposition of W with
iron group metals together have a high melting point and are
often considered as superalloys or high-performance alloys.
The Co-W alloy coating has attracted more attention due to
its higher hardness, smooth surface, wear resistance, corro-
sion resistance, and acceptable magnetic properties (Ref 3-7).
These alloys are deposited using direct and pulse electric
currents (PEDs). PED processes with optimized pulse
parameters often provide advantages such as the smaller
size of grains and smoother surface of coatings that improves
the wear and corrosion resistance of alloys (Ref 8-10).
Nucleation control and grain refinement lead to the prepa-
ration of unique composition and microstructure of the
deposit (Ref 11). Several researchers have successfully
investigated pulse electrodeposition of Co-W coatings by
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citrate electrolyte (Ref 12-17). Shtefan et al. studied the
influence of pulse frequency on microstructure and micro-
hardness of Co-W alloys and the effect of pulse parameters
on tungsten content and electrochemical behavior of Co-W
alloys (Ref 18). Tsyntsaru et al. investigated the effect of
composition on the corrosion resistance of electrolytic Co-W
coatings deposited with various current densities (Ref 19).
Likewise, in some other studies, the influence of organic
additives and heat treatment, optimizing the parameters of
the deposition to obtain coatings which have properties
similar to chrome plating, is investigated (Ref 20-23).
Weston et al. demonstrated that the wear resistance of the
Co-W alloy coating was better than that of electrodeposited
chromium under certain sliding conditions (Ref 24). Fenghua
et al. found that wear resistance varies by hardness values at
higher forces, but it is under the influence of morphology,
surface roughness, and hardness of lower forces. At higher
amounts of nodules, the number of contact points increases
at the surface, which causes the higher friction coefficient
and lower wear resistance of the coating (Ref 25). One of
the properties of alloys deposited using PED is a thermo-
dynamically unstable microstructure in  which high
microstructure energy is a driving force for recrystallization
during annealing. Heat treatment influences the structure,
present phases and crystallites of the coating that leads to
variation in alloy properties such as microhardness, wear and
corrosion behavior (Ref 26, 27).

Some studies have investigated the effect of heat treatment
on microstructure of Co-W and Ni-W electrodeposits (Ref 28,
29), and the change in hardness of these coatings, with respect
to aging conditions, is well documented; for example, plated
Co-W coatings electrodeposited from acidic baths with a grain
size between 220 and 450 nm (Ref 30). After a thermal
treatment of such coatings at 400 °C, the grain size reduces
down to 80 nm and the deposits become compact and dense. In
addition, the microhardness of heat-treated coatings at 100 up
to 400 °C for 4 h increases from 600 to 880 VHN. On
extending the heat treatment at 400 °C, the as-plated homoge-
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neous phase decomposes into a variety of crystalline phases
including Co;W {216} and CosW {002} (Ref 31).

The aim of the present study is to find the relationship
between both pulse electrodeposition parameters duty cycle and
current density and composition (relative percentages of
tungsten and cobalt), phase homogeneity (amorphous, crys-
talline, or mixed), and surface microstructure of the prepared
Co-W nano-crystalline alloys. Moreover, the effects of heat
treatment temperatures on tribology and corrosion properties of
amorphous electrodeposited alloys are studied, which are
seldom investigated on coatings produced by PED.

2. Materials and Methods

All samples were prepared using PED under a galvanostatic
condition in a citrate bath containing (mol/l): CoSO47-
HzO*OZ, N32WO42H20702, C6H8077004, Na3
C6H5072H207025, C6H8077004 and H3BO37065 The
pH was adjusted by boric acid. Sodium citrate was used as the
complexing agent. The anode (mild steel) and cathode (Pt
mesh) were cut in 4x3.5cm and 3 x3 cm dimensions,
respectively. The steel substrates were mechanically grounded
to a 0.1-0.15 micron surface finish with SiC abrasive papers. It
was degreased in an alkaline solution (NaOH 10 wt.%) at 70 °C
for 15 min, rinsed in distilled water, activated in an acidic
solution (HC1 10 vol.%) for 1 min, rinsed in distilled water
again, and then immersed in the plating bath. The plating
process was performed in various average current densities and
duty cycles with variations in on and off times (Table 1). In the
case of the plating process, a pulse rectifier device
(RCTP50V50A) was used. Surface morphology and chemical
composition of alloys were confirmed using scanning electron
microscopy (VEGA. TESCAN) equipped with EDS. Phase
investigations were performed using XRD (Philips X’pert,
PW3040/60) in which Cu-K,, radiation of 1.54 A was operated
at 30 kV and 30 mA. Scherrer’s equation was used to
demonstrate the mean grain size:

0.94
d= pcosf (Eq 1)

where d is mean grain size (nm), A is wavelength (1.54 A), 8
is full width at half maximum height (in radians), and 0 is
peak position (Ref 18). The microhardness measurements of
samples were performed using Vickers microhardness device
(SCTMC-MHV-10002) on the cross section of each coated
substrate (10 s under a 25 gr load). The results are reported
by an average of five different points.

Table 1 Plating parameters used for electrodeposition

Parameters value

Co0S0O47H,0, (mol/L) 0.2

pH 6.7+0.1
Temperature, (°C) 6012
Rotating rate, (rpm) 150
Deposition time, (h) 2

Pulse frequency, (Hz) 200

Duty cycle, (%) 20, 40, 60, 80
Average current density, (A/dm?) 1,2,4,6
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For investigating the effect of heat treatment on coatings, all
samples were sealed in a quartz tube under vacuum atmosphere
for 4 h at 200-600 °C with the rate of 5 °C/min and then cooled
inside the furnace. For wear behavior characterization, a pin-
on-disk test was used according to ASTM G99-05 was used
which the pin was a hardened AISI 52100 steel that used in
distance of 300 m and applied a load of 7, 15, and 30 N
standard at room temperature. A corrosion test was performed
using the potentiostat/galvanostat system (IVIUMSTAT) in 3.5
wt.% NaCl solution. Polarization measurement was performed
using sweeping potential from open circuit potential at the scan
rate of 1 mV/s.

2.1 Effect of Duty Cycle

SEM image (Fig. 1a) confirmed that, in the duty cycle of
20%, the coating surface consisted of fine pyramids. By
increasing in the duty cycle, the size of the pyramid is
decreased where at the duty cycle of 80%, the morphology is
spherical with flat grains (Fig. 1b). Also, when the duty cycle is
improved, ‘on-time’ increases during plating, which results in
grain growth. There should be an equilibrium between ‘on-time’
and ‘off- time.” ‘On-time’ should be short enough to prevent the
controlled deposition with diffusion. In addition, ‘off- time’
must be long that ions transferring from the electrolyte to the
double layer are completed. Figure 2 confirms that W content
in the deposit increases between 20 and 60% duty cycle and
then decreases at 80%.

With increasing ‘on-time’ to 60% duty cycle, overpotential
of deposition increases and causes more W content on the
coating. With more increase in duty cycle, the effect of lower
‘off- time’ overcomes ‘on-time’ increasing. Therefore, a number
of ions weight percent, containing complexing agent, decrease
in either the diffusion layer or subsequently in the deposition
(Fig. 2).

Figure 3 illustrates that Co-W solid solution is the main
phase of all duty cycles. As can be clearly, duty cycles have an
influence on the orientations of deposition crystallography. In
the duty cycle of 20%, the (101) plane is the main crystallo-
graphic direction, while with increasing duty cycle, main
crystallographic orientation is (100). Grain sizes increase as a
result of increasing the duty cycle. The average current density
(I»), in pulse electrodeposition is given by:

15 = peak current (Ip) x duty cycle (y) (Eq 2)
And the nucleation rate (v) is as given:
k
Y= klexp(— ﬁ) (Eq 3)

where k; is proportionality constant, k, is the amount of en-
ergy needed for nucleation, and # is crystallization overpoten-
tial. From Eq 3, it can be inferred that, as increased duty
cycle at constant /,, peak current density (/,) decreased; So,
the overpotential and nucleation rate decreased resulting in
coarser crystals (Ref 32).

Nano-crystalline strengthening obtained thorough making a
solid solution and grain boundary strengthening. Alloying
element resist in high temperature like W causes a significant
increase in hardness of nano-crystallographic deposits. Figure 2
indicates that increase in deposit hardness and increase in W
content are in agreement. The microhardness values of samples
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SEM HV: 30.00 kV WD: 10.38 mm
View field: 43.32 ym  Det: SE 10 um
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Fig. 1 Surface morphology of Co-W deposit for different duty cycles of (a) 20%, (b) 40%, (c) 60%, and (d) 80%

in duty cycle between 20 and 60% are more than in the duty
cycle of 80% (Fig.2). It confirms that grain boundary
strengthening is obtained due to a decrease in grain size and
also more deposit W content, comparing with duty cycle 80%
which has lowest W content and highest grain size.

2.2 Effect of Current Density

SEM images of deposits at different current densities
(Fig. 4) confirm that surface morphology is influenced signif-
icantly by the current density. With increasing current density,
the morphology of deposits changes from fine pyramids to the
nodular type. When the current density increased, a great
proportion of applied current will be used for hydrogen
reduction reactions, which leads to coarse nodules and fine
structure of deposits (Ref 33). The W content increases with an
increase in current density and current peak enhancement
(Fig. 5). At higher current densities (6 A/dm?), cathodic
potential shifts to more negative values; So increasing in the
surface diffusion of complex ions, containing W, will occur at
the cathode surface (Ref 33, 34). Therefore, the W content of
coatings increases.

Journal of Materials Engineering and Performance

VEGAW TESCA';' SEM HV: 30.00 kV WD: 16.64 mm
w4 View field: 43.34 ym Det: SE 10 ym i

(b)

VEGAW TESCA’;‘ SEM HV: 30.00 kV WD: 12.30 mm
Wi View field: 43.34 ym Det: SE 10 ym i

(d)

VEGAWTESCAN
-

The main constituent phase at the current density of 1 and 2
A/dm? (Fig. 6) is Co(W) solid solution. XRD patterns confirm
that the Co-W morphology becomes amorphous with increas-
ing the current density to 4 and 6 A/dm* (Fig. 6).

Generally, crystalline or amorphous phase formations during
electrodeposition of binary alloys are described by W content of
deposit or overpotential of the electrode. Overpotential enhance-
ment leads to higher nucleation rates and finer grains formation
(Ref 19). At a constant duty cycle, overpotential is measured by
the current density peak. Increase in average current density
increases the current density peak; So, the overpotential of
electrode rises and causes a deposit with a random distribution of
atoms on the cathode surface, which results in the formation of an
amorphous coating (Ref20). An amorphous deposit forms at4 A/
dm? and higher current densities.

Microhardness of deposit values decreases by increasing
current density and grain size (Fig. 5). Formation of amorphous
structure in the deposit, at current densities higher than 4 A/
dm?, causes the decrease in the coating microhardness values.
Besides, the morphology of deposits at higher current densities
is coarser and rougher due to the reduction of hydrogen; thus,
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Fig. 2 The content of W, microhardness, and grain size of Co-W deposit as a function of different duty cycles (average current density

of 1 A/dm?, frequency 200 HZ)
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Fig. 3 Deposit XRD patterns for different duty cycles (average
current density of 1 A/dm?, frequency 200 Hz)

microhardness values decrease. Images of electron microscopy
(BSE) and the line scan of elements from the cross section of
the Co-W coating resulted from electroplating with an average
current density of 4 A/dm® and duty cycle of 20% and the
frequency of 200 Hz are shown in Fig. 7. As can be seen, the
distribution of elements in the coating is quite uniform. The
coating has a smooth and uniform interface with the steel
substrate and average thickness of 23 microns.

2.3 Heat Treatment Effect on Microstructure and
Characteristics of Coating

With the rise of heat treatment temperature, the amorphous
deposit proceeds to crystalline structure (Fig. 8). At 600 °C,
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polycrystalline structure and grain size of 41 nm are obtained.
Generally, the formation of crystalline or amorphous structures
during electrodeposition of Co-W is described by W content
values or electrode overpotential. By increasing overpotential,
the nucleation rate rises and a coating with fine grains is
deposited. With heat treatment, enough thermal energy is
provided for the penetration of Co and W atoms into the deposit
volume in atomic scale. Thus, the formation of intermetallic
and nano-crystalline of CosW occurs (Ref 18). The Co-W
system shows the presence of two intermediate phases, Co;Wg
and Co;W (Ref 35). when the amount of tungsten is lower than
55 wt.% Co3W and CO(W) can be formed. Based on the phase
diagram of Co-W, the formation of the Coz;W in this
temperature is possible. CoWO, is also observed based on
JCPDS- 015-0867 reference card, which is the result of residual
oxygen in the quartz tube. Because necessary activation energy
for extraction of oxygen from the surface is too high, the oxide
composition which is formed through adsorption of oxygen by
W on the surface remains stable up to 700 °C (Ref 21). At
400 °C, the orientation of deposit in (200) direction is stronger,
while at the temperature of 600 °C, the preferred direction is
(002). (002) direction is perpendicular to the alloy deposit
growth plane, so it is the favorite direction for deposition on the
substrate. According to Fig. 9, heat treatment leads microhard-
ness of the deposit to increase from 426 to 1059 HV.

Coordination of formed compound and structure phases
could overcome the reduction in microhardness which was
decreased by grain growth. Thus, microhardness of the heat-
treated Co-W alloy at 600 °C is more than the value reported
for hard-chrome coatings (848 HV) (Ref 17).

Figure 10 demonstrates morphology of Co-W coatings after
heat treatment deposited at a current density of 4 A/dm?
containing 23.5 wt.% W. The as-deposited coating had an
amorphous structure with nodular morphology (Fig. 4c). As
can be seen clearly, by increasing the temperature to 400 and
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Fig. 4 Surface morphology of Co-W deposits processed with duty cycle of 20%, average current density of (a) 1 A/dm? (b) 2 A/dm?,

(c) 4 A/dm? and (d) 6 A/dm>

500 °C, nodules grew immensely and conjugated to each other.
Each of these nodules consists of many crystallites. Chen and
Singh et al. reported that probably there is the formation of the
vitriform zone and decrease in alloy melting point for
electrodeposited Co-W coatings (Ref 22) There is a high
possibility to form a vitriform zone for Co-W alloy containing
20 wt.% or more W.

2.4 Corrosion Behavior Measurement

Results represented in Table 2 and Fig. 11 confirm an
improvement in the corrosion resistance of Co-W deposited
alloy compared to the steel substrate after heat treatment. The
lowest corrosion current and corrosion rate were related to heat-
treated sample at 400 °C. Coating treated at 600 °C also had a
lower corrosion current and corrosion rate than the as-deposited
alloy coating. Therefore, because of low corrosion current and
rate, it can be concluded that corrosion resistance of Co-W alloy
coatings has improved after heat treatment.

Grain boundaries influence the electrochemical behavior of
the surface in two ways: First, they are high energetic sites,
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which preferentially react in the presence of corrosive media.
Second, more grain boundaries resulted in the low cathode-to-
anode ratio that is an effective agent in the accentuation of
localized corrosion, and guided the corrosion into the substrate,
so corrosion resistance improved (Ref 19). The penetration of
the outside elements is done faster in nano-crystalline materials
due to the higher volume fraction of grain boundaries and a
higher rate of penetration along them. Therefore, the protective
oxide layer is formed faster in these materials and uniformity
and density of passive film improves and leads to increase in
corrosion resistance of the coating (Ref 18).The microcracks
are filled with this protective layer, and their negative effect is
eliminated in exacerbating the corrosion. The high density of
grain boundaries in nano-crystalline materials will significantly
affect corrosion behavior. W is more resistive against corrosion
and increases corrosion resistivity (Ref 8). Nano-crystalline
alloy coatings of Ni-W and Ni-Fe-W have special corrosion
resistance due to preferential decomposition of Ni and forma-
tion of W on the coating surface. In the presence of corrosive
media, W transfers to the surface and forms a protective passive
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Fig. 6 XRD patterns of the deposits with different average current
densities (duty cycle of 20%)

film (Ref 22). Higher polarization resistance is related to CozW
compound formation due to heat treatment (Ref 23). In the
treated coatings, W was distributed regularly compared to the
amorphous coating on which W was randomly distributed, so
an improvement in the corrosion resistance was observed.
The coating heat-treated at 600 °C has a larger surface
morphology and higher surface roughness than at 400 °C,
which leads to less corrosion resistance in comparison with heat
treatment at 400 °C, and a heat-treated coating at 600 °C has
coarse grains and lower grain boundary; it seems that uniform
attack occurred due to the reduction of grain boundaries.
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2.5 Wear Test Results

Wear behavior of deposited alloys before and after heat
treatment was investigated under various loads. Wear rate and
friction coefficient of coatings as a function of applied load are
represented in Fig. 12. These results were related to alloys
deposited under a current density of 4 A/dm?, the duty cycle of
20%, which has the microhardness value of 436 HV. Then, heat
treatment was performed at 600 °C. Heat treatment at this
temperature leads to microhardness enhancement to 1095 HV
which improved wear characteristic of the Co-W coating.
Increasing the applied load results in more stress at the contact
point, which also increases the real contact. It leads to more
weight loss of the coating and friction coefficient enhancement
(Ref 18, 36). As it can be observed in Fig. 12, by increasing the
applied load, as the pin penetrates in more depth, the wear rate
of the coating increases too. Similarly, the friction coefficient of
the as-deposited alloy at the applied load of 15 N decreases
from 0.63 to 0.46 after heat treatment. Increase in of wear
resistance of heat-treated samples was the result of added
microhardness, which prevented peeling of the deposit and
deformation during pin movements. Because of lower wear
rates, friction coefficient decreased due to the lower contact
area between the pin and deposit. In fact, hardness and wear
resistance improved significantly due to the formation of Coz;W
and homogenization of the deposit after heat treatment which
promotes the grain refining and precipitation strengthening
effect.

Figure 13(a) is related to the Co-W as-deposited alloy, and
peeling can be observed on the surface. After heat treatment of
deposits, lower peelings and flat nodules are drawn in the wear
direction as shown in Fig. 13(b). Wear lines are viewable on the
nodules. Deformed materials as a result of peeling of the
coating surface are placed between the nodules. Nodules
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Fig. 8 XRD patterns of the deposits with an average current den-
sity of 4 A/dm? and the duty cycle of 20%, heat-treated at different
temperatures

existing on the plated surface coating prior to heat treatment
lead to increased tension acts at contact points that subse-
quently increase friction coefficient. The domain mechanism of
wear in Fig. 13(a) is adhesive wear, while it is adhesive-
abrasive wear in Fig. 13(b). During test performance, the
coating plastically deformed due to poor resistance against
shear loads. Wear layers are observed at the wear impact point.
These wear layers become hard worked as a result of constant
pin movement. So, cracks have initiated and propagated easily
at these layers and finally led to peeling of that layer.

Figure 13(c), and (d) is related to the wear surface of
coatings before and after heat treatment at the applied load of
30 N. Clearly, increasing the applied load intensified the
peeling volume. The wear surface has more cracks. More
peelings in the wear direction increased the friction coefficient.
Figure 13(d) indicates that compared to as-deposited coatings
(Fig. 13c), peelings reduced and cracks grew more slowly.
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Fig. 9 Effect of heat treatment temperature on microhardness of
Co-W deposit (average current density of 4 A/dm” and the duty
cycle of 20%)

High toughness of the treated samples in comparison with as-
deposited alloy coatings results in a lack of cracks and
fractures, while in as-deposited coatings, microhardness is
lower which leads to plastic deformation and hard strengthen-
ing resulting in an intensive adhesion between the pin and
coating surface. The main mechanism for both coatings
(Fig. 13c, and d) is adhesive wear.

An increase in the hardness of the coating with increased
wear resistance and reduced weight loss resulted by the wear
process due to a simultaneous reduction in shear strength of the
coating also leads to a reduction of the friction coefficient.
Friction coefficient has an important role in interpreting
tribological results. Therefore, the plot of moment changes of
the friction coefficient in Co-W alloy coatings before and after
heat treatment is provided at applied load of 7 N in Fig. 14.
Fewer fluctuation changes in the plot of the heated treatment
friction coefficient in comparison with the coating prior to heat
treatment indicate deformation and less wear debris during the
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Fig. 10  Surface morphology of Co-W coatings with an average current density of 4 A/dm?, frequency of 200 Hz, and the duty cycle of 20%,
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Table 2 Extracted parameters from E vs. log i plot in
Fig. 11

ECDI‘I"
oo (Vvs. Ag/ C.R, Ry,

Coating (Alem?) AgCl) (mpy) (ohm)
As-plated 73x107°  —0.667 0.506 2.52x10°
Heat-treated 0306 x 107> —0.864 0212 7.41x10°
at 400 °C

Heat-treatedat 600 °C 529 x 107> —0.573  0.363 1.31x10°
Steel 898 x 107>  —0.484 0.622 127x10°

wear process and better confirm wear resistance of these
coatings. High friction coefficient with high fluctuations in
coatings before heat treatment represents avulsion of the
coating and significant deformation of the surface in the wear
process of these coatings. In addition, increasing friction
coefficient is related to the placement of more wear debris on
wear path.
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Fig. 13 SEM images of the worn surface of Co-W alloy coatings before and after heat treatment at applied load of 15 N (a,b) and 30 N (c,d),
respectively
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Fig. 14 The friction coefficient of Co-W coatings (a) before and (b) after heat treatment at 600 °C at an applied load of 7 N

3. Conclusions

The present study tries to describe the effect of parameters
on the Co-W deposits. The current density was known as the
most important possible variable to make amorphous or
crystalline deposits. Increase in current density up to 4 A/dm?
makes coatings structure amorphous. The hardness of the
coating rises with decreasing in grain size and enhancement in
the W content of the deposit. Also, increasing heat treatment
temperature converts the amorphous coating to crystalline and
also leads to the formation of different phases (CosW and
CoWO,) and crystal orientations. Microhardness of the coating
increases significantly by increasing the heat treatment temper-
ature (from 436 to 1059 HV at 600 °C). Due to significant
microhardness value and formation of the Co3W phase in heat-
treated deposit at 600 °C, lower friction coefficient and better
wear resistance under different loads comparing with deposit
without treatment are observed. The results also confirm that
corrosion resistance of the coating was improved by heat
treatment. The coating treated at 400 °C exhibited minimum
corrosion rate.
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