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Pd-Ni-W ternary alloy films were electrodeposited on 316L stainless steel. Electrolytes containing 

different contents (5-40 g/L) of Na2WO4
2-

 were used. Effects of concentration of tungsten on film 

structure, morphology, composition, micro-hardness and corrosion resistance were studied. The 

addition of tungsten refined crystalline grain and promoted hardness effectively. Electrochemical 

results showed that with proper tungsten in electrolytic bath, obtained film had reinforced corrosion 

resistance in hot sulphuric acid solution.  
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1. INTRODUCTION 

Stainless steel is commonly used in various applications since it was invented, due to its 

favourable corrosion resistance, mechanical properties. However, in some industry, stainless steel is 

prone to be corroded in hot non-oxidizing acid solution, and proton exchange membrane fuel cell 

(PEMFC) is a typical one [1], which is usually working in dilute sulphuric acid solution at 70-80
°
C. 

Because passivation of stainless steel is not stable and corrosion resistance would decrease in this 

media. Electrodeposition is a convenient technique can be employed to modify surface of stainless 

steel to obtain more ideal properties. Various Palladium (Pd) based films have been prepared on 

stainless steel to enhance its corrosion resistance in hot dilute sulphuric acid solution [2-4]. On the 

other hand, some researches have proved tungsten (W) modified stainless steel exhibit good corrosion 
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resistance in environment of PEMFC [5,6]. In addition, the pH-potential (or Pourbaix) diagram also 

reveals that tungsten may exists as insoluble WO3 in the passive film in strong acidic solution [7]. 

Here, we want to develop a new alloy film containing Pd and W through electrodeposition method, 

enhancing corrosion resistance of stainless steel in hot sulphuric acid solution. However, in general, it 

is known W based alloys can only be obtained through an induced codeposition from aqueous 

solutions with an iron group metal (i.e. Fe, Co, Ni.) [8]. Among these metals, Ni is considered to be the 

best choice for codeposition owing to its good corrosion resistance in aqueous media [9]. What is 

more, with the presence of Ni in the alloy, formability of alloy can be improved as well. Hence, ternary 

alloy film Pd-Ni-W is the target for investigation and the influence from various contents of WO4
2- 

in 

electrolyte is studied in this paper, which has never been reported in elsewhere to the best of our 

knowledge. 

 

 

 

2. EXPERIMENTAL 

2.1. Elaboration for Pd-Ni-W ternary alloy film 

Pd-Ni-W ternary alloy films were prepared by electrodeposition technique. 316L stainless steel 

(SS316L) sheets with the size of 40 mm×13 mm×2 mm were used as substrates. The composition of 

SS316L used in this investigation is list as following: 0.6% Si, 0.8% Mn, 0.013% P, 2.28% Mo, 

17.14% Cr, 12.58% Ni, 0.014% C, 0.0073% S and Bal.% Fe, in weight percentage. Firstly, SS316L 

sheets were ground from 180 to 1000 grit successively on SiC abrasive paper, and then degreased in a 

basic solution (NaOH: 50 g/L, Na3PO4: 40 g/L, Na2CO3: 40 g/L, OP-10: 5 mL/L) at 70 
°
C for 10 min 

to remove oil and grease. This step is followed by acidic activating in 20 wt.% H2SO4 + 80 g/L 

(NH4)2SO4 solution (pH=1) under direct current of 10 A/dm
2
 during 300 s to obtain fresh surface of 

substrates. Finally, the activated sample is rinsed with deionized water before electrodeposition. In 

particular, two bulks of graphite (10 mm×15 mm×0.5 mm) were used as double anodes in 

electrodeposition experiment.  

 

Table 1. Electrolytic bath composition for Pd-Ni-W and Pd-Ni films 

 

 

Chemicals 

Pd-Ni-W 

Amount (g/L)    

 Pd-Ni 

Amount (g/L) 

PdCl2 3.6 3.6 

NiSO4 21 21 

NH4Cl 60 60 

Na3C6H5O7 21-50 21 

Na2WO4 5-40 - 

NH3
.
H2O (28%) 40 mL/L 40 mL/L 

 

Two bulks of graphite was linked with copper wire and distance of them was approximately 6 

cm. The Pd-Ni films are prepared for comparison study as well. The electrolyte composition and 
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deposition conditions of Pd-Ni-W and Pd-Ni films are presented in Table 1 and Table 2 respectively. 

Various contents of Na2WO4 were used to probe the role of WO4
2-

 in electrodeposition, namely 5 g/L, 

10 g/L, 20 g/L, 30 g/L and 40 g/L respectively (weight percentage of Na2WO4). Sodium from Na2WO4 

has no influence in the system because it doesn’t participate in the electrochemical process of 

electrodeposition. Deposited specimens were labeled from Pd-Ni-W(5 g) to Pd-Ni-W(40 g) in the 

paper. The solutions were prepared using distilled water (18.25 MΩ·cm) and reagent grade chemicals. 

 

 

Table 2. Elaboration parameters for Pd-Ni-W and Pd-Ni films 

 

Parameters Values 

Current density (A/dm
2
) 1  

pH  8~8.5 

Temperature (
°
C) 40  

Frequency (Hz) 1  

Duty cycle 0.8 

Deposition time (s) 300  

 

2.2. Characterisation of Pd-Ni-W films 

Morphology and chemical composition of films were analysed by Scanning Electron 

Microscopy (SEM) (EVO MA15, ZEISS) equipped with Energy Dispersive Spectrometry (EDS) (X-

Max
N
, OXFORD INSTRUMENTS). The phase structures of films were characterized with X-Ray 

Diffraction (XRD) (X’Pert PRO, PANalaytical) using Cu-Kα radiation (V=40 kV, I=20 mA, λ= 1.548 

Å).  

 

2.3. Electrochemical corrosion behaviour 

Corrosion behaviour of Pd-Ni-W film was investigated in a typical three-electrode system 

through an electrochemical workstation (CHI660E, CH Instrument, Inc.). The prepared specimen was 

connected as the working electrode. The reference electrode and the counter electrode were a 

mercurous sulphate electrode (MSE, E = 613 mV vs. SHE) and a platinum foil (0.6 cm
2
) respectively. 

All the electrochemical measurements were performed in aerated 0.5 M H2SO4 solutions at 70
°
C. The 

samples were sealed with silica gel and left an exposed surface area of 1 cm
2
. After half-hour open 

circuit potential (OCP) monitoring, electrochemical impedance spectroscopy (EIS) measurement was 

carried out in a steady state at open circuit potential, over a frequency ranging from 100 kHz to 10 

mHz with amplitude of 10 mV. Thereafter, the potentiodynamic polarisation curves tests were 

conducted from -100 mV (vs. EOCP) to +800 mV (vs. EOCP) at sweep rate of 0.5 mV/s. The exchange 

current extrapolated at corrosion potential from Tafel extrapolation has been chosen as the criteria of 
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reactivity of samples. We consider this exchange current as the corrosion current density and it could 

represent the corrosion resistance ranking of samples.   

 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

 
Figure 1. XRD patterns of Pd-Ni and Pd-Ni-W films deposited from aqueous solution containing 

various contents of WO4
2-

 

 

Structural properties of Pd-Ni and Pd-Ni-W deposits are characterized by the X-ray diffraction 

(XRD), and results are displayed in Fig.1. All tested films exhibit a FCC crystalline phase, which 

indicates that substitution solid solution formed. Peaks around 2θ = 42.2 °, 49.2 °, 70.4 ° correspond to 

(111), (200), (220) planes of Pd-Ni solid solution phase respectively and locations of different samples 

shift to higher direction gradually with increase of WO4
2-

 in electrolyte. Since the atomic mass of Ni is 

smaller than Pd and W, shifted peaks indicated that content of Ni in the film may increase. On the 

other hand, when concentration of Na2WO4 reaches up to 30g/L in electrolyte, the predominant plane 

starts to transform from the (200) plane to the (111) plane. It may be caused by the remarkably 

increase of tungsten atoms in Pd-Ni solid solution phase. The crystallite size of predominant plane of 

films is calculated according to the Scherrer’s equation [10]. The results of calculated crystalline size 

are shown in Table 3. There is no doubt that with the presence of WO4
2-

 in electrolyte, crystal grains 

sizes of alloy films are refined.  
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Table 3. Crystal grain sizes of predominant plane of various films 

 

Deposits (g/L)     0 5 10 20 30 40 

Grain size (nm)  17 12 12 13 11 11 

 

3.2 Morphology and composition   

 
 

Figure  2. SEM images of Pd-Ni and Pd-Ni-W alloy films electrodeposited from aqueous solution 

containing different contents of Na2WO4 (a)0 g/L, (b)5 g/L, (c)10 g/L, (d)20 g/L, (e)30 g/L, 

and (f)40g/L  

 

 
 

Figure  3. EDS results of Pd-Ni and Pd-Ni-W alloy films electrodeposited from aqueous solution 

containing different contents of WO4
2-
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Fig. 2 shows SEM micrographs of alloy films obtained from the electrolytic bath with different 

WO4
2-

 concentrations, while the weight percentage of Pd, Ni and W of films are attached in Fig. 3. It 

can be seen that Pd-Ni alloy film, Pd-Ni-W alloy films deposited from electrolyte containing 5 g/L and 

10 g/L Na2WO4 shows compact, uniform and fine surface microstructure (Fig. 2a, b and c). When the 

content of Na2WO4 in electrolytic solution is 20 g/L or higher, the obviously changes of micro-

morphology can be found on the surfaces (Fig. 2d-f). From Fig. 3, the contents of Ni and W increase 

by increment of WO4
2-

 in electrolyte. In contrast, the Pd content displays a downtrend tendency. The 

more presence of WO4
2-

 in the bath leads to less deposited Pd in the film. This may be attributed to the 

catalysis effect of Pd [11]. With the catalysis of Pd, the reduction of Ni from the complex of 

[(Ni)(HWO4)(Cit)]
2-

 becomes much easier. On the other hand, by increasing the content of WO4
2-

, the 

content of complex [(Ni)(HWO4)(Cit)]
2-

 which is predominant in the electrolyte also will increase, 

since pH of the solution is around 8 [12]. Meanwhile, the deposition of Ni from its other complexes in 

this electrolyte occurs paralleled. Therefore, a higher content of Ni is detected in the film. Thereafter, 

the deposition of W is also facilitated according to Ni-W induced codeposition mechanism [8]. When a 

small number of WO4
2-

 presents in electrolyte (less than 20 g/L Na2WO4), there is just less than 1% W 

presence in the film. It seems that the minute content of W in the film has little influence on micro-

morphology of Pd-Ni-W film. With a further increment of WO4
2-

 in electrolytic bath (Fig. 2d-f), some 

defects could be found on surface of the films. This might be caused by the hydrogen evolution 

reaction during the deposition process [8]. Since the hydrogen evolution is concurrent with tungsten 

codeposition all the time, the increasing of W deposition will bring a more dramatic hydrogen 

evolution. As a result, more defects are found on the surface of Pd-Ni-W film with increment of WO4
2-

 

in electrolyte (30 g/L Na2WO4). When the content of Na2WO4 in electrolyte is 40 g/L, the weight 

percentage of W in the film reaches up to more than 11.14%. The Pd-Ni-W alloy film deposited from 

electrolyte containing 40 g/L Na2WO4 presents an agglomerates of nodules morphology, which is very 

similar to the morphology of Ni-W based deposits [13,14]. 

 

3.3. Electrochemical test 

 
Figure  4. Potentiodynamic polarisation curves of SS316L and different deposited alloy films in 0.5 M 

H2SO4 solution at 70
°
C 
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Fig. 4 shows the polarisation curves measured on SS316L and the sample with different 

deposited alloy films. The corrosion potential (Ecorr) and the corrosion current density (icorr) of all 

specimens are determined through Tafel’s extrapolation method and the corrosion resistance of films is 

evaluated in terms of icorr. The obtained results are listed in Table 4.  

 

Table 4. Corrosion potentials and corrosion current densities of specimens 

 

Specimen Ecorr/ (mV, MSE) icror/(×10
-6

A/cm
2
) 

 

βc/ (mV/dec) βa/ (mV/dec) 

SS316L -666 24.141 13.1 - 

Pd-Ni 91 1.021 72.7 76.5 

Pd-Ni-W(5 g) 78 0.586 71.7 82.4 

Pd-Ni-W(10 g) 102 0.842 87.3 77.7 

Pd-Ni-W(20 g) 88 1.109 81.5 76.3 

Pd-Ni-W(30 g) -14 2.604 81.4 59.5 

Pd-Ni-W(40 g) -138 47.548 160.9 17.4 

 

First of all, as for bare SS316L, the corresponding corrosion current density at corrosion 

potentials of -666 mVMSE is quite high and active dissolution happens. Then, with potential raising 

(between -600 mVMSE and -400 mVMSE), active-passive oscillating behaviour [15] of SS316L could be 

found, and the stable passivation of the specimen only can be achieved above -300 mVMSE. The 

corrosion potential shifts to positive direction when Pd-based films is deposited on stainless steel. Thus 

the protection mechanism of Pd-Ni-W film is not only from barrier effect but also anodic polarisation 

effect, which makes stainless steel substrate be in stable passivation.  

 

 
 

Figure 5. Nyquist plots of SS316L and deposited different alloy films in 0.5 M H2SO4 solution at 70
°
C 
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For the Tafel slope, the anodic Tafel slope (βa) of SS316L was not calculated owing to the 

oscillation of anodic current densities in the active-passive transition zone. The corrosion of SS316L at 

corrosion potential is in active dissolution, so that the cathodic reaction (mainly hydrogen evolution 

reaction, oxygen reduction also exists because the test solution is open to air) can determine its 

corrosion rate. On the contrast, the cathodic reaction of alloy film protected specimens may only 

involve oxygen reduction because their potential are much higher. The difference in cathodic Tafel 

slopes (βc) of alloy film protected specimens indicates the difference in cathodic kinetics. The βc 

probably is relative to the chemical composition and the preferred lattice orientation of different alloy 

films. However, the corrosion rate of alloy film protected specimens is directly associated with the 

anodic process of metal dissolution. It can be seen the βa of Pd-Ni film is 76.5 mv/dec, while its 

calculated values of the specimens deposited from electrolyte containing 5 g/L and 10 g/L Na2WO4 are 

82.4 and 77.7 respectively. The lager value of βa may be relative to a stronger inhibition effect on the 

anodic process when the film contains proper content of alloying tungsten. When the electrolyte 

containing more than 10 g/L Na2WO4, the βa decreases with the increase of WO4
2- 

in electrolyte. On 

another hand, it is seen specimens with the alloy film deposited from electrolyte containing 5 g/L and 

10 g/L Na2WO4 have relatively smallest values of icorr, indicating these samples own better corrosion 

resistance than others in this corrosive medium. Comparing with Pd-Ni alloy film, they have a 

decreased crystallite size, which is a beneficial effect in improving corrosion resistance. Then, the 

corrosion resistance of samples prepared from the electrolyte containing higher contents of WO4
2-

 

decreases. Based on characterisation results presented above, the deteriorated corrosion resistance may 

be attributed to two aspects: one is morphology, while another is related to composition of films. It is 

obvious that with an increment of WO4
2-

 in electrolytic bath, the content of W in films sees a growing 

trend. Meanwhile, the Pd-Ni-W film possesses more defects obtained. Defective films make more 

substrate exposed to corrosive medium, consequently corrosion rates of samples are accelerated. On 

the other hand, the content of Pd in Pd-Ni-W film reduces with increasing WO4
2-

 in electrolyte. Since 

the noble metal Pd plays a significant role in anodic polarisation effect, the passivation ability of 

SS316L substrate will decrease if the content of Pd in Pd-Ni-W film is too low. 

Electrochemical impedance of Nyquist plots of samples deposited from electrolytes containing 

various WO4
2-

 in sulphuric acid at high temperature is presented in Fig. 5. It is noted that the specimen 

deposited from electrolyte containing 5 g/L Na2WO4 shows the largest impedance arc in comparison 

with others. Compared with the Pd-Ni alloy coated specimen, the film obtained from the electrolyte 

containing 5 g/L Na2WO4 has much larger impedance arc. However, with a further addition of WO4
2-

 

into the electrolytic solution, the impedance arcs of obtained samples see a decreasing trend. 

Furthermore, parts of EIS spectra of two samples deposited from electrolyte containing 30 g/L and 40 

g/L Na2WO4 are in the fourth quadrant, indicating the presence of inductive reactance. It is related to 

the dissolution of coatings and the generation of corrosion products [14].  
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3.4. Micro-hardness measurement 

 
 

Figure 6. Micro-hardness of SS316L and deposited specimens 

 

Fig. 6 shows the micro-hardness of bare stainless steel and alloy film coated samples. SS316L 

has the lowest average hardness value of ~ 218 Hv. The hardness is improved to 273 Hv when Pd-Ni 

alloy film was deposited. With the presence of W in the film, hardness values of deposited specimens 

see an upward tendency. When the content of W reached up to 11.14% in the film, hardness of the 

sample has the largest value ~ 343 Hv. As for strengthened hardness mechanism, it can be attributed to 

increased content of tungsten and grain refinement in films, which is corresponding to EDS and XRD 

results. 

 

 

 

4. CONCLUSION 

A noble Pd-Ni-W ternary alloy film was prepared through electrodeposition method from 

aqueous solution. When tungsten was presence in the film, crystallite was refined. A growing content 

of WO4
2-

 is presence in electrolytic bath for electrodeposition will cause an increment of nickel and 

decrease of palladium in the obtained film. Proper content of tungsten in the film can have a good anti-

corrosion performance for stainless steel in hot sulphuric acid solution. Furthermore, micro-hardness 

values of obtained specimens see an increasing trend with increment of tungsten content in the films. 

Consequently, electrodeposited Pd-Ni-W ternary alloy film on SS316L can improve its mechanical 

properties and corrosion resistance remarkably. The Pd-Ni-W alloy film coated stainless steel is a 

potential material for the bipolar plate in PEMFC fuel cells. 
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