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ABSTRACT

In this study, cobalt-tungsten coatings were electrodeposited on copper substrates. Nanocrystalline and amorphous
cobalt tungsten alloys were electrodeposited from citrate-boric acid baths. The characterization of the alloy
coatings was carried out by scanning electron microscopy (SEM), X-ray fluorescence (XRF), and X-ray diffraction
(XRD). The most significant factors, such as current density and pH of the electrolyte that affect the morphology,
tungsten composition, and microhardness value, were studied. The tungsten content of the electrodeposits varied
11 to 46% by changing process variables. The microhardness value of the coatings was decreased dramatically
when the tungsten composition exceeded 35%. Response surface methodology was used to construct models for
predicting microhardness value and tungsten composition of the coating. The optimal conditions for the
electrodeposition were found as follows: current density of 5SA/dm2 and pH 6. Under optimal conditions, the
coating exhibits a hardness of 570 HV.
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PH VE AKIM YOGUNLUGUNUN KOBALT-TUNGSTEN
KAPLAMALARININ MIKROYAPI VE SERTLIGINE ETKILERI

OZET

Bu caligmada, bakir altlik malzemeler kullanilarak kobalt tungsten kaplamalar tiretilmistir. Sitrat-borat banyosu
kullanilarak yapilan ¢aligmalarda, nanokristalin ve amorf kobalt-tungsten kaplamalar iiretilmistir. Kaplamalarin
karakterizasyonu icin taramali elektron mikroskobu (SEM), X-1s1m1 floresans: (XRF) ve X-1s1n1 kirinimi (XRD)
cihazlar1 kullanilmistir. pH ve akim yogunlugunun, kaplama morfolojisine, tungsten bilesimine ve mikrosertlik
degerine etkileri incelenmistir. Calismalar sirasinda proses degiskenleri degistirilerek {iiretilen numunelerin
tungsten icerigi %11 ile 46 arasinda degismistir. Deneylerde en yiiksek sertlik degeri olarak 570 HV olciilmiistiir.
Elektrolit pH’1 6 olarak segilen bu deneyde uygulanan akim yogunlugu ise SA/dm2’dir. Kaplamalarin tungsten
igeriginin %35°1 ge¢mesi ile kaplamalarin sertliklerinde diisiis gozlemlenmistir. Cevap yiizey yontemi kullanilarak
kaplamanin mikrosertlik degeri ve tungsten bilesimini tahmin edebilecek matematiksel modeller olusturulmustur.

Anahtar Kelimeler: Kobalt,tungsten, elektrokaplama

1. Introduction

Its outstanding properties and numerous potential applications have propelled the interest in
tungsten and its alloys. These alloys can be prepared using various methods [1, 2]. In order to prepare
these coatings, one option is to use electrodeposition, which has obvious advantages such as simplicity,
uniformity, low cost, and scalability, in comparison with the other coating methods. Electrodeposition
is a versatile and cost-effective method for fabricating a wide variety of two and three-dimensional
coatings. In this process, dissolved metal cations are reduced employing an electric current, resulting in
a thin, coherent metal coating on an electrode. Unfortunately, tungsten cannot be deposited from an
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aqueous solution as a pure metal unless it can be co-deposited with iron group metals as an alloy. This
type of electrodeposition is known as induced electrodeposition [3]. The interest in electrodeposited
tungsten alloys with iron-group metals has increased in recent years due to their unique combination of
anticorrosive [4], magnetic [5], and catalytic properties [6]. In addition, Co—W coatings are regarded as
a suitable material for the defence industry, instead of hard chromium coatings deposited using
hazardous hexavalent chromium baths [7, 8].

Plating bath composition and deposition parameters influence tungsten-containing alloy coating
composition and microstructure [9]. The electrodeposition of Co-W alloys is reported from various
electrolytes such as gluconate [10, 11], citrate-borate [12, 13], citrate-ammonia [14]. Citrate is one of
the most commonly used additives in electrodeposition because it is a powerful complexing agent for a
wide range of metals, including cobalt, nickel, copper, and tungsten. Besides, the citrate borate bath is
environmentally friendly [15].

Electrolyte pH has a significant effect on the composition of alloy coating, deposition rate, and
hardness. Because the formation of complexed cobalt-tungstate-citrate species is pH-dependent.

Due to the hydrogen evolution, pH increases near the electrode, and ammonia or ammonium salts
can be used for buffering purposes. Electrodeposition of metal alloys from aqueous baths generally is
carried out in non-hermetic cells [16]. In this situation, a considerable amount of ammonia can evaporate
during long-term electrodeposition at higher temperatures. As a result, non-volatile citrate electrolytes
using boric acid as a buffering agent rather than ammonia are preferable for long-term electrodeposition
at elevated temperatures [16]. Because of this reason citrate-borate bath was used in this study.

To the best of our knowledge, there are no previous literature reports about optimising the Co-W
electrodeposition process by central composite design method. Thus, this study is aimed to make the
Co-W celectrodeposition process commercially more viable by understanding the dominant process
parameters that affect the coating microstructure and specifications by constructing mathematical
models. For this purpose, the tungsten composition and microhardness value of the coating was selected
as the responses. The pH and current density were selected as the factors that affects the responses.

2. Materials and Methods

Co-W coating was prepared by using a citrate-borate bath. Distilled water and analytical grade
chemicals were used to prepare the plating solution. Table 1. shows the plating solution concentration
and operational parameters. In addition, citric acid, sodium citrate dehydrate, and boric acid
concentrations are held constant and listed in Table 1.

A platinized titanium net with dimensions of 250x300x100mm was used as an anode, and a
copper plate was used as the cathode. Pretreatment of the working surface prior to the plating process
includes ultrasonic cleaning in an organic solvent, water rinsing, anodic etching in phosphoric acid
(80%) for 5 minutes at 1.5V. Then cathode was immersed in 10% HNO; and 1% H,SO4 solution for 1
minute respectively and rinsed in distilled water to remove oxides from the surface.

DC + -
Power — i i

Supply T

|, —
Anode %ﬁ } p Cathode

Magnetic stirrer

Figure 1. Schematic representation of electrodeposition cell.
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All the coatings were fabricated using the DC electrodeposition method with a deposition time of
180 min at 60 °C. The electrolyte pH was maintained at 6, 7 and 8, which was adjusted by adding
sulphuric acid or sodium hydroxide when necessary. As shown in Figure 1, the electrodeposition
experiments were carried out in a beaker. The bath was stirred and heated by a magnetic stirrer.

Table 1. Plating bath compositions and operational parameters.

Factor -1 0 1
(X1) Electrolyte pH 6 7 8
(X2) Current Density (A/cm?) 5 7.5 10
Constant Parameters
Plating temperature : 60 °C CsHsO7 : 7g/L
COSO4.6H20 60g/L Na3C6H507.2H20(M): 1 Sg/L
Na,WO4 15g/L. H;BOs: 40g/L

The microstructure of the samples was characterized by field emission gun scanning electron
microscopy (FE-SEM, Tescan Mira3 XMU, Czech Republic), following phase constituent analysis
using (XRD, Bruker AXS D8 Advance, Germany). The chemical composition of the coatings was
characterized by X-ray fluorescence (XRF, Niton XL3T, USA). The microhardness of the coatings was
measured by the Vickers hardness (Shimadzu MHV tester) method, and the mean of at least five
readings was taken.

3. Results and Discussion

3.1. Design of Experiments

The experimental studies in this research were carried out using a Central Composite Design
(CCD), which is a widely used form of Response Surface Methodology (RSM). Factors and levels that
are used in CCD are presented in Table 1. CCD experiment results and the predicted values were given
in Table 2. The predicted results obtained via mathematical models and experiments were consistent
with each other. Equations were given in Table 3 and 4, where Ry, and Ry, are the tungsten composition
and microhardness value of the coating, respectively. The analysis of variance (ANOV A) and the F- test
were used to estimate the model's significance. The ANOVA of the regression models, shown in Tables
3 and 4, shows that the models are highly significant, as evidenced by the derived F-values for tungsten
composition and microhardness value, which are 93.98 and 18.47, respectively. It was revealed that the
models employed to fit the response variables were significant and appropriate in terms of expressing
the relationship between the response and independent variables, according to the results. [17]. The
response surface graphs that define tungsten composition and microhardness of the coating with the data
obtained from mathematical models were given in Figure 2.

Table 2. Design of experiments, experimental and predicted results.

Experimental Results Predicted Results
Current  Tungsten Microhardness Tungsten Microhardness
Run pH Density Composition (Hv) Composition (Hv)
(A/dm?) (%) (%)
1 6 5 15 570 14.67 550.28
2 8 7.5 42 354 43.00 270.11
3 6 7.5 11 530 11.67 528.78
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4 8 5 45 245 44.50 291.61
5 7 7.5 40 320 38.33 399.44
6 8 10 46 235 45.50 248.61
7 6 10 13 510 12.67 507.28
8 7 10 45 386 45.83 377.94
9 7 5 34 445 34.83 420.94

Table 2. Continue
Table 3. ANOVA table of Ry (Tungsten composition of the coating)
Sum of Mean p-value
Source Squares df Square F-Value Prob >F
Model 1785.667 6 297.6111  93.98246 0.0106
A-Ph 1472.667 1 1472.667  465.0526 0.0021
B-Current Density 60.5 1 605 19.10526 0.0486
AB 2.25 1 225 0.710526 0.4880
A? 242 1 242 76.42105 0.0128
B? 8 1 8 2.526316 0.2529
A’B 44.08333 1 44.08333  13.92105 0.0649
Residual 6.333333 2 3.166667
Cor Total 1792 8
R?=0.996 R%,4=0.985
Ry (%) =38.33+15.67*A+5.50*B+0.75*A*B-11.00*A2+2.00*B2-5.75*A2 * B
Table 4. ANOVA Table of Ry, (Microhardness value of the coating)
Sum of Mean -value
Source Squares df Square F-Value grob >F
Model 103136.2 2 51568.08 18.47429 0.0027
A-Ph 100362.7 1 100362.7 35.95498 0.0010
B- Current Density 2773.5 1 2773.5 0.993608 0.3573
Residual 16748.06 6 2791.343
Cor Total 119884.2 8

R*=0.861 R?,3=0.813

Rim (Hv) =+399.44-129.33*A-21.50*B
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Figure 2. Response surface graphs obtained from the mathematical models a) Tungsten composition
of the coating, b) Microhardness of the coating.
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Figure. 2a and 2b show the effect of current density and pH on the composition of tungsten and
microhardness value of the coating, respectively. As seen in the response surface plots, the pH value of
the solution is the dominant factor for the electrodeposition of Co-W alloy.

The tungsten content of the deposit increases linearly with increasing pH of the electrolyte at
acidic conditions, but the increment decreases slightly after the 7.5 pH value. Similar findings have been
reported in the literature [18]. Tungsten reduction occurs more efficiently in the pH range due to the
enhanced adsorption of electroreduced W containing complexes, increasing the tungsten content of Co—
W alloys. [13].

The hardness of the Co-W alloy electrodeposit is determined by many factors such as
composition, structure, and morphology. For the studied experimental condition, the tungsten content
and microhardness value of the deposit slightly depend on the current density since the effect of the pH
is dominant. It can be seen that the microhardness value of the coating was significantly enhanced at
low current densities when examining Table 2. It is observed that the microhardness of the electrodeposit
decreases linearly with decreasing pH. A possible explanation for this trend is that the electrodeposit
contains tungsten in high concentrations. Similar studies were reported that with the increment of
tungsten composition to a particular value, the microhardness value decreases dramatically [19]. In our
study, when the tungsten level of the coatings exceeds 35%, the microhardness value declines
significantly.

3.1. Surface and XRD Characterization

The SEM images of the alloy electrodeposit surface were presented in Figure 3. The tungsten
composition of the electrodeposit can be altered over a broad range (11-46%) by simply adjusting the
pH. Coatings deposited at pH 8 contain greater than 35% W, a bright, mirror-like coating with a metallic
appearance rather than a gray appearance. An increase in current density at pH 6, leads to a transition
towards more regular and elongated features on the morphology. On the other hand, with the increase
of pH 7 to 8 the structure becomes more compact and consists of nodular-shaped grains. In addition,
nodular grain size decreases with the increase of current density at pH 8. The rise in current density
encourages cathodic depolarization, which in turn promotes the production of nuclei. This further
reduces the size of the aggregate grains. Typical changes in the diffraction patterns of the amorphous
and nanocrystalline Co-W coatings with different W content are shown in Figure 4. The XRD spectrums
show that the crystallographic structure is changing from nanocrystalline to amorphous as the amount
of the W increases. A broad peak was observed in the proximity of 26=44.4°. This peak broadening can
be ascribed to the small crystallite size of the alloy that contains over 40% tungsten composition. [20].
Meanwhile, nanocrystalline peaks on the XRD pattern for the Run 6 experiment (Figure 4) suggest the
incorporated Co(W) crystals in the amorphous matrix, which is consistent with the literature [21].

XRD patterns of Co-W alloys are illustrated in Figure 4. The nanocrystalline coating showed four
peaks at 20 values of 41.6, 44.7, 47.5, and 75.9. These peaks are related to hcp Co (JCPDS 05-0727).
However, peak positions of hep Co shifted to a lower 20 value in Figure 4, which confirms the
incorporation of tungsten cobalt crystal lattice [22]. From the XRD diagram in Figure 4, it is clear that
current density affected their crystallographic orientation. With increasing current density, the reflection
corresponding to Co (002) is disappeared, and sharp Co (100) reflection is observed.

In order to estimate the crystallite size Debye Scherrer equation was used. As seen in Figure 4.
Run 6 consists of nanocrystalline (62° and 76°) and amorphous peaks (44°). Calculations made by taking
into account the (102) and (110) peaks, the crystallite size was calculated as 16 nm for Run 6 experiment.
While ignoring these peaks, the crystallite size of the amorphous structure was calculated as 1.7 nm.
The relations between crystallite size and microhardness can be clarified with the Hall-Petch
relationship [16]. For example, electrodeposited coatings with crystallite sizes 30 and 38 nm (Run 1 and
Run 7) properly obeys the Hall-Petch equation and microhardness increases with the decrease of
crystallite size.
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Figure 3. SEM images of Co-W alloys electrodeposited with various parameters.
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Figure 4. X-ray diffraction pattern of Runl, Run7, Run5 and Run6 samples.

Nanocrystalline coatings had a higher microhardness value despite the higher tungsten content in
amorphous coating. Amorphous coatings with crystallite sizes 1.7 and 1.9 nm did not follow Hall-Petch,
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and microhardness value was declined with the decrease of crystallite size [23]. Similar behaviours
about microhardness value that depend on the crystallite size were reported by other researchers who
worked with iron group metal-tungston alloys [7, 24, 25]. They reported that incorporation of W in Co
up to ~20 wt-% causes a significant increase in the microhardness value. However, the larger
incorporation of W decreases the microhardness value. The softening effect related to grain size
reduction may be attributed to an increase in intercrystalline volume fraction, particularly the percentage
associated with the triple junction. The deformation of the grain boundary volume considerably
contributes to the overall deformation in such a microstructure. The grain boundaries of fine-grained
material were thicker than those of coarse-grained material when the grain size was less than 10 nm. A
critical Hall-Petch breakdown crystallite size of 12-15 nm for Ni-W electrodeposits was also reported
by Wasekar et al. [26]. The interface region of the nanocrystallites having a structure of non-periodic
atomic array expanded into the centre region [27]. Thus, the incorporation of tungsten over 35%
adversely affected the microhardness for the reasons stated above.

Table 5. Microhardness value and Crystallite size calculations based on Debye Scherrer equation.

Tungsten Crystallite size Microhardness
Composition (%) (nm) (HV)
13 30 570
15 38 510
40 1.9 320
46 1.7 235

4. Conclusion

In summary, based on the results of this study showed that the tungsten composition of the
electrodeposit affects the microhardness and morphology of the coating. With the increment of the
tungsten content of more than %35, amorphous behaviour was observed, and electrodeposit
microhardness was decreased. Response surface methodology was used to construct a model that defines
the microhardness value and tungsten composition of the electrodeposit. Predicted results calculated by
models were in good accordance with experimental results. In other words, these results indicate that
the constructed statistical models could effectively predict the tungsten composition and microhardness
value of the coating.
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