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In Chapter 8 hardness, grain size and thermal stability of nickel and Ni-W alloy layers 
deposited from electrolytes containing equal amounts of citrate, glycine and 
triethanolamine are investigated. The hardness of the deposits was investigated in the 
as-deposited layer as well as after annealing for 1 hour at temperatures up to 550°C. 
The grain size and microstrains were determined for several crystal orientations by 
pseudo-Voigt single line analysis of the corresponding X-ray line profiles. The micro 
Vickers hardness of the nickel deposits depends on the thermal history of the sample. 
Depending on the microstructure and composition of the electrodeposit the hardness 
increases or decreases with annealing temperature (for 1 hour). The results are 
discussed in terms of the possible strengthening mechanisms for nano-crystalline 
electrodeposits. 
 
In Chapter 9 the evolution of residual stress in Ni-W layers electrodeposited from 
electrolytes based on NiSO4 and Na2WO4 upon storage at room temperature is 
investigated. An increase in tensile stress in the Ni-W electrodeposit upon storage at 
room temperature was observed; the increase in tensile residual stress is larger for 
higher the current densities during electrodeposition. For one current density the 
electrical resistivity of a Ni-W layer was measured as a function of storage time. The 
evolution of stress increase and reduction of electrical resistivity are equal for the first 
three hours. 
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intervallet fra 250 °C til 550 °C. Hårdheden af Ni-W lagene fortsætter med at stige 
ved temperaturer op til 550 °C. 
 
Kapitel 9 undersøger udviklingen af de indre spændinger i Ni-W deponeret fra 
elektrolytter baseret på NiWO4 og NaWO4 opbevaret ved stuetemperatur. Forøgelsen 
af spændingerne ved opbevaring ved stuetemperatur bliver større ved høje 
strømtæthed. Den elektriske modstand af Ni-W lag deponeret ved en udvalgt 
strømtæthed, som funktion af tiden, blev studeret. Forøgelsen i spændingerne er den 
samme som ændringen i den elektriske modstand i de første tre timer. 
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1. Introduction 
 
Micro-injection mouldin molding is foreseen to find wide future application for 
production of computer parts, microfluidic systems and polymer optical components. 
For the injection molding of high performance plastics, possessing high strength and 
chemical resistance, the molds must be able to withstand thermal exposure cycling at 
temperatures up to 350°C. 
Fabrication of the mouldin molding tool is preferably performed by electroforming in 
order to be able to control the replication of microscale geometrical details. Nickel is 
a widely applied material for electroforming, but pure nanocrystalline nickel 
electrodeposits cannot withstand the relatively high temperature without loosing their 
hardness due to recrystallization. Among the metals and alloys which are expected to 
have a higher thermal stability than nickel, and which can be electrodeposited, Ni-W 
is a favorable candidate. Furthermore, a Ni-W alloy is an excellent material, because 
it has high corrosion resistance and mechanical strength.  
Therefore, several authors have investigated on the electrodeposition of Ni-W alloys 1-

13. The formation of precipitates (probably NiWO4)13 in the electrolyte for the 
electrodeposition of Ni-W alloys can be overcome by adding a suitable complexing 
agent. The influence of such a complexing agent on the current efficiency, the 
composition of the deposit and mechanical properties, etc. is critical. Actually, citrate 
which forms a complex with both the nickel ion and tungstate and gives stability to 
the electrolyte is a common complexing agent for Ni-W electroplating. However, 
citrate is associated with low current efficiency. To overcome this disadvantage 
ammonia is often added, which raises the current efficiency, but ammonia enhances 
only the transport of nickel ions by complex formation and consequently reduces the 
tungsten content in the deposit2. Consequently, it is hard to obtain the combination of 
high current efficiency and high tungsten content with citrate as the main complexing 
agent in the electrolyte.  
 
The purpose of this work is to develop a process for Ni-W alloy electrodeposition 
with high current efficiency, low residual stress, high hardness and high thermal 
stability. 
Optimizing complexing agents contained in the electrolyte is a critical point of this 
work, because a complexing agent influences seriously the current efficiency, 
microstructure and mechanical properties such as hardness and strength of the deposit. 
 
The result part in this thesis is composed of six chapters (Chapter 4-9). These are 
independent papers, nevertheless; actually those are associated with one another in 
several ways.   
Chapter 4 is a paper on development of the process for Ni-W alloy deposition with 
high current density and reasonable tungsten content. Chapter 5 is a paper on 
investigation of residual stress in Ni-W electrodeposits which gives rise to a serious 
problem of crack occurrence in the deposit. Chapter 6 is a paper on identification of 
an anomalous phase which was found in the Chapter 4. Chapter 7 is a paper on 
influence of age of glycine based-electrolyte, which is actually associated with the 
formation of the anomalous phase investigated in Chapter 6. Chapter 8 is a paper on 
the crystallographic microstructure, hardness and thermal stability of Ni-W alloy 
layers electrodeposited from the electrolyte, which were optimized in the Chapter 4. 
Comparison with investigations of pure Ni layers from the electrolyte containing 
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same complexing agents is also given in the chapter. Chapter 9 is a paper on time-
dependence of residual stress in the Ni-W alloy electrodeposits, which was recognized 
as a critical matter in the work described in the Chapter 5. 
 
Furthermore, a paper on fabrication of forming tool by electroforming of nickel based 
alloys is added as an appendix in this thesis. The work was performed based on the 
fundamental work. This serves as an example of an application of the material 
developed in this work. 
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2. Literature reviews 
 
 
2.1 Electroplating of Ni-W alloys1,2 
 
Electrodeposition of tungsten has been attempted numerous times, because of the 
interests in the unusual properties of the metal such as the high melting point of 
3410°C, the tensile strength, the high isotropic Young’s modulus of elasticity, and the 
low coefficient of linear thermal expansion.  
Tungsten deposits electroplated from an electrolyte containing ammonium salts and 
ammonium hydroxide have so far been in poor condition and porous.1 The failure of 
tungsten deposition was attributed to a low potential for hydrogen evolution on 
tungsten, so deposition of tungsten alone from aqueous solution could not be 
sustained.1 Baths for alloy deposition of tungsten and iron group metals have been 
developed, using organic compounds of citrate and malate as complexing agents.1 
 
Indeed, the potential of Ni-W alloy deposition is more positive than both for the pure 
nickel and tungsten depositions, indicating that both nickel and tungsten stimulate 
each other for deposition, as shown in Fig. 2.1. The current for an electrolyte 
containing Na2WO4 and citrate is mostly spent for hydrogen evolution. The 
voltammetric curve shows that tungsten promotes hydrogen evolution. 
  
 

    

-0.3

0.0
-1.8-1.3-0.8-0.3

Potential (V vs. SCE)

C
u

rr
en

t (
A

)

0.3M Citrate

0.1M NiSO4 + 0.3M Citrate

0.2M Na2WO4 + 0.3M Citrate

0.1M NiSO4 + 0.2M Na2WO4 + 0.3M Citrate

 
 
 
 
 
 
 
 
 

Fig.2.1: Voltammetric curves from electrolytes containing 0.3M citrate, 0.1M 
NiSO4 and 0.3M citrate, 0.2M Na2WO4 and 0.3M citrate, and 0.1M NiSO4, 
0.2M Na2WO4 and 0.3M citrate 
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pure nickel 

pure tungsten + 
hydrogen 

hydrogen 
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2.2.3 Microstructure of Ni-W alloy electrodeposit 5-8 
Several authors reported the structure of Ni-W alloy electrodeposits. 
Ito et al. reported 4 that for Ni-W alloy electrodeposits with tungsten content ranging 
from 6at% to 35at% solid solution is formed and the grain size decreases for W 
contents above 24 at.% in the alloy. The Bragg reflections shift toward lower 
scattering angle with increasing tungsten content in the deposit, indicating that the 
f.c.c lattice expands with dissolution of tungsten in nickel. They also observed the 
crystallographic microstructure of the Ni-W alloy deposit with transmission electron 
microscope. Crystal lattices of grains in the deposits with W=0-24 at.% are observed, 
whereas the layers with W>28 at. % are completely amorphous. 
 
Although in Ni-W alloy with compositions ranging 12-50at% the intermetallic phase 
of Ni4W is thermodynamically stable at room temperature according to the phase 
diagram (Fig. 2.15), the phase could not be identified in Ni-W alloy electrodeposits 
with compositions ranging 12-35 at.% with X-ray diffraction phase analysis. However, 
Yamasaki et al. 4 suggested the presence of nano crystalline Ni4W in Ni-W 
electrodeposits with W=24 at.%, taking interatomic distances determined by EXAFS 
as evidence. Therefore, eutectic solidification of solid solution phase and the 
intermetallic phase in alloy with W>14 at. % is considered to occur.  
 
The change in Gibbs energy associated with the formation of the bulk of the alloy 
increases with tungsten content, as shown in Fig. 2.14. Consequently, the nucleation 
rate is faster and the critical radius is smaller for alloy with higher tungsten content. 
The supersaturation rate of ad-atoms associated with the Gibbs energy changes 
drastically at the liquid/solid interface. The nucleation occurs too rapid to allow solid 
state diffusion.  
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3 Experimental procedures 
 
As described in Chapter 2, Ni-W alloy has high mechanical strength and thermal 
stability. Yet, there is a serious problem of a difficulty in designing a proper 
electrolyte of Ni-W alloy possessing high current efficiency and reasonable tungsten 
content. 
 
As shown in Fig. 3.1, firstly efforts were made toward the development of 
electroplating processes for Ni-W alloys. Especially, optimizing the complexing 
agents which can help for co-deposition of Ni and W was focused on. For the 
optimization, examination of complex formation in electrolyte with ultraviolet and 
visible spectrophotometry, measurement of deposition potential with voltammetry and 
estimation of fractional current for Ni and W depositions were performed, in order to 
know how the complexing agents affect the electrochemical process. 
 
For the development of material for injection moulding tool examination of the 
internal stress which gives rise to crack occurrence in the deposit might be important. 
The mechanical stress in the deposits was estimated from the deflection of one side 
deposited test strips. The estimation using the test strip is a rapid method, and useful 
for the optimization of electroplating process. 
 
The process parameters govern the obtained microstructure, and the microstructure 
determines the properties.  
The surface topography was examined with scanning electron microscopy (SEM). 
The contents of Ni and W, in the electroplated layer, were determined semi-
quantitatively with energy dispersive X-Ray spectrometry. Phase constitution of the 
electrodeposits was assessed with X-ray diffraction (XRD). Compositional depth 
profiling of the layers was obtained with glow discharge optical emission 
spectroscopy, in order to examine a presence of light elements as hydrogen, carbon 
and oxygen which might also influence the microstructure and mechanical properties. 
The values of grain size of the layers deposited from the electrolyte containing the 
complexing agents were assessed from the broadening of XRD line profiles . 
 
For preparation of specimens for the hardness measurement and examination of the 
thermal stability, a 25L tank was used as the electrochemical cell, in order to obtain a 
batch of many specimens under identical conditions. 
 
 
Details of the experimental procedures are given in the following sections, as well as 
a description of the principles of the less well-known experimental methods. 
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3.1 Electrodeposition 
 
3.1.1 Pre-examination of complexing agent useful for Ni-W alloy electrodeposition 
 
For development of electroplating processes for Ni-W alloys, optimizing the 
complexing agents contained in the electrolyte is very important.  
Citrate is known to form a complex with both the nickel and tungstate ions and gives 
stability to the electrolyte; citrate is the most common complexing agent for Ni-W 
electroplating. However, citrate is associated with a low current efficiency.  
Therefore, the effect of adding other complexing agents, which possess high complex 
stability with both nickel and tungstate ions, into the electrolyte containing NiSO4 and 
Na2WO4 was investigated. Data for the equilibrium constant of complex of tungstate 

Process development and optimization for Ni-W 
electroplating 

Examination of microstructure of Ni-W electrodeposit  

Examination of properties of Ni-W electrodeposit 

Examination of complex formation in electrolyte 
with UV spectrum 
Evaluation of current efficiency 
Compositional analysis with EDS 

Observation of surface topography with SEM
Phase analysis with XRD 
Analysis of impurity with GD-OES 
Examination of crystallinity with XRD 

Hardness measurement 
Examination of thermal stability at room and 
elevated temperatures 
Examination of internal stress in the deposit 

Fig.3.1: Flow of this study on Ni-W electrodeposits 
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Complex formation with tungstate changes the electron energy level due to a 
difference in coordination number around the Ni ion. A change of the field strength 
due to mixing the complexing agents is visible near the UV range ( Fig. 3.4). This 
indicates that tungstate is also involved in complex formation of nickel ion and the 
complexing agents. 
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3.1.5 Voltammetry measurement 
 
Voltammetry measurement provides the cell current as a function of the applied 
potential for a potential sweep. The current depends on the electrochemical reaction 
rate, which could be the diffusion of species in electrolyte to or away from the 
working electrode.  
Voltammetry was carried out using a potentiostat/galvanostat (PGP201 Radiometer 
Copenhagen). A 500mL beaker was used as the electrochemical cell (Fig.3.8). A 
saturated calomel electrode (SCE) was used as the reference electrode. The 
temperature was kept at 70°C by circulating hot water around the electrolyte cell. A 
copper disk was used as working electrode, whereas a titan basket was used as 

Fig.3.3: Visible spectrum of a solution containing NiSO4 with H2O (Ni-H2O), 
citrate (Ni-citrate), glycine (Ni-glycine) and triethanolamine (Ni-TEA) 

Fig.3.4: Visible spectrum of solution containing NiSO4, tungstate, and 
complexing agents of citrate, glycine and triethanolamine,  
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counter electrode. The working electrode was located in the centre of the cell. The 
potential sweep rate was 50mV/min. 
 
 
 
3.2 Microstructure investigations 
 
3.2.1 Focused ion beam (FIB) microscopy 
 
Cross-section observation can be performed with focused ion beam (FIB) microscope. 
A gallium ion beam is produced by applying a suitable electric field to the molten 
gallium under vacuum. The energy of the ions is very well defined, so an ion beam 
with a width of only a few nm can be obtained by using an aperture and a 
demagnifying lens. The controlled ion beam can manufacture precise microscope 
sections.  
By scanning the ion beam an image of the sample can be obtained with secondary 
electrons emitted from the location of incidenceof the ions on the sample. The 
intensity of the secondary electron emission depends on atomic number (Z), crystal 
orientation and surface roughness. The crystallographic and compositional contrasts 
of the image formed with scanning the ion beam are generally higher than with SEM.  
As shown in Fig. 3.5, the FIB instrument  manufactures a cross-section by removal of 
material through scanning the ion beam, decreasing the width of the beam with 
increasing the depth of the sample. The image of the section is obtained after tilting 
the sample and exposing the cross section towards the secondary electron detector.  
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Fig. 3.6 shows a three-dimensional schematic drawing of the cross-section 
manufactured by the instrument. The scanning ion microscope (SIM) image of the 
section of an electrodeposited Ni-W alloy layer, which corresponds to the part of the 
gray circle in the drawing, is shown in Fig. 3.7. Coarse grains of the copper substrate 
and columnar grains of the Ni-W alloy can be observed. The contrast from different 
crystallographic orientation in the copper substrate is clearly seen. 
 

e- 

Ga ions 

Ga ions 

Ga ions 

Ga ions 

deposited layer 
Cu substrate 

Secondary electron 

Fig.3.5: A schematic drawing of preparation of cross-section and 
obtaining the image with the FB-2000A 
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3.2.2 Glow Discharge-Optical Emission Spectroscopy (GD-OES) 
 
Compositional analysis can be performed by Glow Discharge-Optical Emission 
Spectroscopy (GD-OES). 
 
With GD-OES a composition profile is obtained through measuring the intensity of a 
chosen wavelength in the emission spectrum as a function of sputtering time (Fig. 3.8). 
This analysis is also available for layers as thin as 5nm. 
The process of the GD-OES analysis is composed of sputtering atoms by glow 
discharge, exciting the atoms by an argon plasma, emission of the atoms, and 
identification of the emission spectrum.  
Fig. 3.9 shows a schematic drawing of the system of GD-OES. A specimen is 
attached with the cathode. The diameter of the anode is variable and can be 
determined depending on size and position of the specimen. Gas atoms are ionized by 
high voltage and the ions sputter atoms away from the specimen as cathode. The 
sputtered atoms are excited by an argon plasma leading to emission. (Fig. 3.10) 
Spectrometry of the emission is performed by a diffraction grating. A photomultiplier 
increases the intensity of the diffracted wavelength of the spectrum.  
 
GD-OES also  allows the analysis of element down to hydrogen. The spectroscope is 
available for the wavelength range 110nm to 800nm. 
In order to avoid interference with other elements in the spectrum, a monochoromater 
can be used to analyse a fixed wavelength.  
 
Quantitative analysis of GD-OES intensity-depth profiles is difficult (but not 
impossible) and requires calibration of the sputter rate as well as the intensity-
composition relation for similar matrices as the sample to be investigated.  
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Fig.3.7: Scanning ion macroscope image 
of electrodeposited Ni-W alloy on Cu 

Fig.3.6: Schematic representation of 
cross-section prepared with FIB 
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Fig. 3.9: A schematic drawing of system of the whole instrument of GD-OES 

Fig. 3.8: GD-OES depth profile of Ni-W electrodeposited layer on copper substrate 
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A 1 dm3 beaker was used as the electrochemical cell. The cell for preparing 
specimens for stress measurement has two anodes and one cathode (the test strip) 
which is located centrally between the anodes, such that the opposite sides of the test 
strip experience identical deposition conditions. 
 
 

f

resist layer 

deposited layer 

resist side
tensile stress compressive stress 

conductive side 

f

Fig.3.17: Deflection of test strip resulted from mechanical stress 
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Internal stress in the deposits makes the two legs of the strip bend in opposite 
directions. The value of the distance between the deflected beams of the test strip was 

+ -

Thermometer 

Power supply 

Test strip 

Nickel rod 

Fig.3.18: A schematic drawing of the cell for stress measurement 

Fig.3.19: The cell for stress measurement 

46





3.3.2 Hardness measurement 
 
For preparing specimens for the investigation of hardness and thermal stability, a 
bigger scale system was used. A 25 dm3 plastic container was used as the 
electrochemical cell, shown in Fig. 3.21. The temperature was kept at 60 °C with 
heater and thermostat, and agitated with air bubbling. Nickel rounds were used as the 
anode electrode, and the blocks were put in a titanium basket. The electrolyte 
circulated through a filter with pump. A bigger copper plate as substrate was prepared, 
as shown in Fig. 3.22.  
After electrodeposition the specimen was cut in 30 mm wide pieces, which annealed 
at 100 °C , 250 °C, 400°C  or 550 °C. The as-deposited and annealed samples, 
prepared under identical electrodeposition conditions, were examined with hardness 
testing to evaluate their thermal stability. 
 

 
 
 
 

+ - 

power 

anode 

heater 

specimen 

Thermostat 
electrolyte outlet 

electrolyte inlet 

air inlet 
pump 

plastic container 

filter 

cathode 

nickel round 

Fig.3.21: Schematic representation of specimen for hardness measurement 
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Microhardness was measured with a load of 25g. The cross-sections of the specimens 
for measurement were polished in order to avoid the influence of surface roughnesst. 
For preparation the specimens were mounted in epoxy resin (Seriefix 20), and 
polished as described in Tables 3.3 and.3.4. Each hardness value presented is the 
average of 10 independent indentations on the cross-section. 
 
Table3.3 Polishing conditions 

Grid RPM Force, N Time, min 
320 150 100 2 
500 150 100 2 
1000 150 100 3 
4000 150 70 3 

 
 
Table 3.4  Fine polishing conditions 

Plate cloth diamond particle 
size, µm RPM Force, N Time, min Lubricant 

Dur 3 150 70 3 Blue 
Nap 1 150 70 3 Blue 

 
 
 
 
 
 
 

before deposition 
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Deposition area 
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after deposition 
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Fig.3.22: Schematic representation of specimen for hardness measurement 
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Abstract

In the present work, the effect of the complexing agents citrate, glycine and triethanolamine (TEA) on the electrodeposition of Ni�W
layers from electrolytes based on NiSO4 and Na2WO4, is investigated. The investigations include measurement of the current ef�ciencies,
determination of the tungsten content in the electrodeposits (by energy dispersive X-ray analysis), voltammetry studies and characterization
of complex formation by UV-spectrometry. High W content and current ef�ciency could be realized by using electrolytes containing all of the
three complexing agents. The results show that small amounts of glycine in a citrate�triethanolamine based electrolyte positively in�uences
both the mass-transfer and the deposition potential.
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. Introduction

Micro-injection molding is foreseen to �nd wide future
pplication for production of computer parts, micro�uidic
ystems and polymer optical components. For the injection
olding of high performance plastics, possessing high

trength and chemical resistance, the molds must be able
o withstand repeated thermal cycling at temperatures up to
50 �C.

Fabrication of the molding tool is preferably performed
y electroforming in order to be able to control the repro-
uction of microscale geometrical details. Nickel is a widely
pplied material for electroforming, but pure nanocrystalline
ickel electrodeposits cannot withstand the relatively
igh temperature without loosing their hardness and form
tability. Among the metals and alloys which are expected
o have a higher thermal stability than nickel, and which
an be electrodeposited, Ni�W is a favorable candidate.
urthermore, a Ni�W alloy is an excellent material because

t has high corrosion resistance and mechanical strength.
everal authors have investigated electrodeposition of Ni�W

alloys [1�12] . Unfortunately, the traditional bath for Ni�W
plating, containing citrate and ammonia as complexing
agents, is characterized by a low current ef�ciency and poor
stability of the pH value. Citrate is mainly responsible for the
low current ef�ciency. Ammonia contributes to improving
the current ef�ciency, but reduces the bath stability owing
to its rapid evaporation. Therefore, in the present research
project other complexing agents with a high complex
stability towards the nickel ion were investigated. Initially,
tartaric acid, glycine, triethanolamine and 5-sulfosalicylic
acid were selected. It was found that tartaric acid and
5-sulfosalicylic acid gave rise to precipitation in the nickel
sulfate and sodium tungstate based electrolyte. Therefore,
we only report on the results obtained with citrate, glycine
and triethanolamine (TEA) in the present contribution.

2. Experimental procedure

A 1 dm3 beaker was used as electrochemical cell.
The electrolytes consisted of 0.1 mol dm�3 NiSO4•6H2O,
0.2 mol dm�3 Na2WO4•2H2O, 0.3 mol dm�3 complexing
� Corresponding author. Fax: +45 45 93 62 13.
E-mail address: tanaka@ipl.dtu.dk (I. Mizushima).

agent (citrate, glycine and/or TEA) and 0.44 mol dm�3

H3BO3. Agitation was conducted with a magnetic stirrer.
A copper plate cathodically degreased with an alkaline
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solution and pickled in a commercial HCl solution was used
as substrate.

Voltammetry was carried out using a potentiostat/galv-
anostat (PGP201 Radiometer Copenhagen) with a saturated
calomel electrode (SCE) as the reference electrode. Complex
formation was investigated with a UV-spectrophotometer
(UV1240 Shimadzu Ltd.). The composition in the electro-
plated layer was determined semi-quantitatively with energy
dispersive X-ray spectrometry (Oxford Scienti�c). The
surface topography was examined with scanning electron
microscopy (JSM-5900, JEOL) and cross-sections were
investigated with scanning ion microscopy (FIB-2000A,
Hitachi Ltd.). Phase characterization was conducted with
X-ray diffraction (M21X TXJ-FO88, Mac Science Co. Ltd.)
using Cu K� radiation.

3. Results and discussion

In order to examine the properties of glycine and TEA,
as compared to citrate, electrolytes containing a single com-
plexing agent were examined �rst.

3.1. Electrolytes containing a single complexing agent
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deposition, the W content as determined with EDS and total
weight increase of the sample upon deposition.

It was found that for citrate-based electrolytes the partial
current density for Ni�W deposition is signi�cantly lower
than that for TEA-based electrolytes and similar to that for
glycine baths (Fig. 1). Ni�W deposition from citrate baths
already reaches the limiting current at 0.05 A cm�2. For
both the citrate bath and the glycine bath mass-transfer of
NiW species is poor. However, the partial current density
for nickel deposition in the glycine bath is high, even at
0.15 A cm�2. Correspondingly, a low tungsten content
results in layers electroplated at high current density. In
contrast to these observations, the partial current densities for
both of Ni and NiW species for TEA bath are relatively high.

Voltammetric measurements from citrate, glycine and
TEA-based electrolytes, with and without nickel sulfate, were
conducted in order to distinguish between metal depositions
of Ni and NiW species and hydrogen evolution, shown in
Fig. 2. In the electrolytes without NiSO4 neither of the metal
depositions is possible.

The potential for hydrogen evolution from all the elec-
trolytes is predicted to be �1.0 V versus SCE from the
substantial increase in current density observed in all the
curves from the electrolytes containing NiSO4 and from the
electrolytes without NiSO4. The potential at which metal
deposition occurs depends on the electrolyte. Particularly,
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The current ef�ciencies and layer compositions obtained
rom electrolytes containing either citrate, glycine or TEA
re given in Table 1.

For the glycine and TEA-based electrolytes, the current
f�ciencies are markedly higher than for the citrate-based
lectrolyte, but the W contents of the deposits are lower.
n order to investigate the co-deposition of Ni and W in
ore detail, and evaluate both current ef�ciency and layer

omposition simultaneously, the partial current densities for
eduction of hydrogen and metal deposition were estimated
or the various current densities applied. We assumed
hat the alloy deposition is performed by simultaneous
epositions of Ni and NiW, according to the literatures
2�4,13] . Therefore, the partial current densities for Ni, NiW
nd H2 were estimated from the total charge passed during

able 1
urrent ef�ciencies of electrodeposition and tungsten contents in the

ayer electrodeposited from electrolytes containing 0.1 mol dm�3 NiSO4,
.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent (citrate, glycine
r triethanolamine)

omplexing
gent

Current density
(A cm�2)

Tungsten
content (at.%)

Current
ef�ciency (%)

itrate 0.01 17 37
0.1 25 6

lycine 0.01 10 65
0.1 2 35

riethanolamine 0.01 9 79
TEA) 0.1 15 50

he tungsten contents were calculated from the following equation
(at.%) = W/(W + Ni) × 100.
etal deposition from the citrate bath starts at a more negative
otential, i.e. closer to the potential for hydrogen evolution.
his is consistent with the low current ef�ciency even at

ow current density. In glycine and TEA-based baths higher
urrents are shown at positive potentials where hydrogen evo-
ution does not occur. Therefore, high partial current densities
or Ni and NiW depositions are obtained at relatively low cur-
ent density.

Fig. 3 shows scanning electron microscopy (SEM)
icrographs of the surface morphology and scanning ion
icroscopy (SIM) micrographs of cross-sections of Ni�W

lloys electroplated at 0.01 or 0.1 A cm�2.
Cracks are observed in the layers deposited from the citrate

ath, even at 0.01 A cm�2. The cracks are caused by relax-
tion of internal tensile stress in the deposits. Presumably,
assive hydrogen dissolution into the deposit occurs during

lating. A subsequent release of hydrogen leads to high ten-
ile stress, which promotes cracking in the direction of the
hickness of the Ni�W layer. Compared with layers from the
itrate bath, deposits from glycine and TEA baths are rougher
nd seem to have larger grains. Although the compositions of
he deposit electroplated at 0.01 A cm�2 from the citrate bath
17 at.% W) and at 0.1 A cm�2 from the TEA bath (15 at.%

) are close to each other, SIM images show a substantial dif-
erence in structure and grain size. Furthermore, the deposits
lated at 0.1 A cm�2 from glycine and TEA baths possess a
imilar nodular morphology shown in the SEM micrographs,
lthough tungsten contents in the deposits are as different as
and 15 at.%, respectively. Cracks occur at the boundaries

etween the nodules.
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Fig. 1. Partial current density for NiW deposition (a), Ni deposition (b) and hydrogen evolution (c) as a function of current density from electrolytes containing
0.1 mol dm�3 NiSO4, 0.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent (citrate, glycine or triethanolamine).

The complexing agents clearly in�uence the surface mor-
phology as well as the structure of the electroplated layers.
Other authors have proposed that electrolytes containing
ammonium and glycine cause a nodular morphology [5]. The
present investigations show that TEA also yields a similar
nodular morphology.

It is obvious that electrolytes containing a single com-
plexing agent, each have their speci�c problems; either with
high hydrogen evolution, crack development due to stress

relaxation or low tungsten content. Therefore, complexing
agents were combined.

3.2. Electrolytes containing two complexing agents

Combinations of equal amounts of complexing agents of
citrate and glycine or TEA were examined, while keeping
the total concentration of complexing agents at 0.3 mol
dm�3.

F O4, 0.2
o

ig. 2. Voltammetric curves from electrolytes containing 0.1 mol dm�3 NiS

r triethanolamine) (a) and from electrolytes 0.2 mol dm�3 Na2WO4 and 0.3 mol dm

54
mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent (citrate, glycine

�3 complexing agent (citrate, glycine or triethanolamine) (b).
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Fig. 3. SEM and SIM images of Ni�W alloy electroplated at 0.01 and 0.1 A cm �2 from electrolytes containing 0.1 mol dm�3 NiSO4, 0.2 mol dm�3 Na2WO4

and 0.3 mol dm�3 complexing agent (citrate, glycine or triethanolamine).

For electrolytes mixing citrate with glycine or TEA the
current ef�ciency was improved, but the tungsten contents
decreased, as compared to the electrolyte containing a sin-
gle complexing agent of citrate (Table 2). However, for the
electrolyte containing mixtures of citrate and TEA a current
ef�ciency of 29% and a tungsten content of 26 at.% was real-
ized at 0.1 A cm�2.

Figs. 4 and 5 give more detailed information about the
effect of the combination of complexing agents on current
ef�ciency and W content. In the �gures, the fractional cur-
rent density for Ni�W, Ni and H 2, respectively, are given,
for the purpose of the examination on the effect of the elec-
trolytes on Ni�W alloy deposition precisely. Voltammetry
and UV-photometry were used to investigate the change in
current density for metal depositions and complex formation
on complexing agents, respectively.

Table 2
Current ef�ciencies of electrodeposition and tungsten contents in
the layer electrodeposited from electrolytes containing 0.1 mol dm�3

NiSO4, 0.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent
(0.15 mol dm�3 citrate and 0.15 mol dm�3 glycine, and 0.15 mol dm�3 cit-
rate and 0.15 mol dm�3 triethanolamine)

Complexing
agent

Current
density
(A cm�2)

Tungsten
content
(at.%)

Current
ef�ciency
(%)

Citrate�glycine 0.01 10 78
(1:1) 0.1 13 48

Citrate�TEA 0.01 9 73
(1:1) 0.1 26 29

The tungsten contents were calculated from the following equation
W (at.%) = W/(W + Ni) × 100.
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Fig. 4. Ratio of partial current density for NiW and Ni depositions and hydrogen evolution at 0.01 and 0.1 A cm�2 (a) and voltammetric curves and UV spectra
(b) from electrolytes containing 0.1 mol dm�3 NiSO4, 0.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent (0.3 mol dm�3 citrate and 0.3 mol dm�3

glycine or 0.15 mol dm�3 citrate and 0.15 mol dm�3 glycine).

In practice, though the effect of the combination with
glycine on NiW deposition is unclear in Table 2, the elec-
trolyte improves fractional current density for deposition
of the NiW species in Fig. 4. And also, the voltammetric
curves show an increase in current density at positive poten-
tial ranging from �0.7 to �1.0 V versus SCE where hydrogen
evolution is expected not to occur, indicating that the mix-
ture of citrate and glycine enhanced current density for metal
depositions. Furthermore, even at more negative potential an
increase in current density was shown, and fractional current
density for deposition of the NiW species even at relatively
high current density of 0.1 A cm�2 was improved. Thus, the
mixture of citrate and glycine enhances mass-transfer of the
NiW species.

Looking at the UV spectra, the signi�cant adsorption
below 400 nm which is assigned to electron transfer of
tungsten and the peak at about 600 nm, which is assigned to
electron transfer of nickel, a competition to form complexes
with tungstate is expected to occur between citrate and
glycine.

In contrast, the effect of the combination with TEA was not
substantial. The voltammetric curve corresponds to the curve
from the TEA-based bath at lower potential, leading to similar

fractional current densities at 0.01 A cm�2. The fractional
current density for hydrogen evolution in the citrate�TEA
bath is between the current densities for the citrate and the
TEA based electrolytes (Fig. 5).

The reason for the positive effect of mixing citrate with
glycine must be found in the problem with poor mass-
transfer of the NiW�glycine complex. Probably, the com-
petition between citrate and glycine to form complexes with
tungstate may prevent complex formation between glycine
and tungstate, leading to the improvement of the mass-
transport of the complex.

Glycine and TEA also raise the partial current density for
Ni�W deposition owing to complex formation with tungstate,
while ammonium does not promote Ni�W deposition in
citrate-based electrolyte [1,2].

3.3. Electrolytes containing three complexing agents

In a quest for a higher current ef�ciency, and higher tung-
sten content in deposits and encouraged by the �ndings for
two complexing agents, the effect of adding glycine to an
electrolyte with equal amounts of citrate and TEA was inves-
tigated. Also in these experiments the total concentration of
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Fig. 5. Ratio of partial current density for NiW and Ni depositions and hydrogen evolution at 0.01 and 0.1 A cm�2 (a) and voltammetric curves and UV spectra
(b) from electrolytes containing 0.1 mol dm�3 NiSO4, 0.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent (0.3 mol dm�3 citrate and 0.3 mol dm�3

triethanolamine or 0.15 mol dm�3 citrate and 0.15 mol dm�3 triethanolamine).

complexing agents was kept constant at 0.3 mol dm�3. The
ratio of glycine compared to citrate�TEA was investigated
at three levels: 0.14:1:1 (6.7%), 0.4:1:1 (16.7%) and 1:1:1
(33.3%).

Although the tungsten content in the electrodeposits
decreases with increasing the content of glycine in the elec-
trolyte, the current ef�ciency is markedly improved even for
the smallest addition of glycine (Table 3).

Actually, the fractional current density for deposition of
the NiW species increases by adding glycine, and the increase
in the amount of current used for metal plating is shown in the
voltammetric curve (Fig. 6). While a glycine concentration of
0.1 mol dm�3 (33.3% of the total concentration of complex-
ing agents) has a substantial in�uence on complex formation
between nickel and tungstate, the effect for 6.7% glycine is
negligible, according to the UV-spectrum. It is suggested that
glycine works as a support salt for the promotion of metal ion
mass-transport.

Fig. 7 shows SEM micrographs of Ni�W alloys electrode-
posited from electrolytes containing all three complexing
agents. The surface morphology changes considerably by
adding glycine. For a total current density of 0.01 A cm�2,
the deposit becomes more needle shaped. For 0.1 A cm�2,
the nodular appearance becomes �ner with increasing

Table 3
Current ef�ciencies of electrodeposition and tungsten contents in
the layer electrodeposited from electrolytes containing 0.1 mol dm�3

NiSO4, 0.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent
(0.15 mol dm�3 citrate and 0.15 mol dm�3 triethanolamine (glycine
0%), or 0.14 mol dm�3 citrate and 0.14 mol dm�3 triethanolamine
and 0.02 mol dm�3 glycine (glycine 6.7%), or 0.125 mol dm�3 cit-
rate, 0.125 mol dm�3 triethanolamine and 0.05 mol dm�3 glycine (glycine
16.7%) or 0.1 mol dm�3 citrate, 0.1 mol dm�3 triethanolamine and
0.1 mol dm�3 glycine (glycine 33.3%))

Ratio of glycine
to total amount of
complexing
agents (%)

Current
density
(A cm�2)

Tungsten
content (at.%)

Current
ef�ciency (%)

0 0.01 9 73
0.1 26 29

6.7 0.01 8 81
0.1 19 56

16.7 0.01 6 85
0.1 15 65

33.3 0.01 7 86
0.1 13 58

The tungsten contents were calculated from the following equation
W (at.%) = W/(W + Ni) × 100.
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Fig. 6. Ratio of partial current density for NiW and Ni depositions and hydrogen evolution at 0.01 and 0.1 A cm�2 (a) and voltammetric curves and UV spectra
(b) from electrolytes containing 0.1 mol dm�3 NiSO4, 0.2 mol dm�3 Na2WO4 and 0.3 mol dm�3 complexing agent (0.15 mol dm�3 citrate and 0.15 mol dm�3

triethanolamine (glycine 0%), or 0.14 mol dm�3 citrate and 0.14 mol dm�3 triethanolamine and 0.02 mol dm�3 glycine (glycine 6.7%), or 0.125 mol dm�3

citrate, 0.125 mol dm�3 triethanolamine and 0.05 mol dm�3 glycine (glycine 16.7%) or 0.1 mol dm�3 citrate, 0.1 mol dm�3 triethanolamine and 0.1 mol dm�3

glycine (glycine 33.3%)).

Fig. 7. SEM images of Ni�W alloy electroplated at 0.01 and 0.1 A cm �2 from electrolytes containing 0.1 mol dm�3 NiSO4, 0.2 mol dm�3 Na2WO4 and
0.3 mol dm�3 complexing agent (0.15 mol dm�3 citrate and 0.15 mol dm�3 triethanolamine (glycine 0%), or 0.14 mol dm�3 citrate and 0.14 mol dm�3 tri-
ethanolamine and 0.02 mol dm�3 glycine (glycine 6.7%), or 0.125 mol dm�3 citrate, 0.125 mol dm�3 triethanolamine and 0.05 mol dm�3 glycine (glycine
16.7%) or 0.1 mol dm�3 citrate, 0.1 mol dm�3 triethanolamine and 0.1 mol dm�3 glycine (glycine 33.3%)).
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bstract

In the present work, the residual stress in Ni�W layers electrodeposited from electrolytes based on NiSO4 and Na2WO4, is investigated. Citrate,
lycine and triethanolamine were used as complexing agents, enabling complex formation between the nickel ion and tungstate. The results show

hat the type of complexing agent and the current ef�ciency have an in�uence on the residual stress. In all cases, an increase in tensile stress in the
eposit with time after deposition was observed. Pulse plating could improve the stress level for the electrolyte containing equal amounts of citrate,
lycine and triethanolamine (TEA) as complexing agent. An additive as 1,3,6 naphthalene trisulphonic acid which has a grain re�ning effect, and
hloride, which enables dissolution of metal during the anodic cycle, reduced crack occurrence in the electrodeposits.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Microinjection molding is foreseen to �nd wide future appli-
ation for production of computer parts, micro�uidic systems
nd polymer optical components. For the injection molding of
igh performance plastics, possessing high strength and chem-
cal resistance, the molds must be able to withstand repeated
hermal cycling at temperatures up to 350 �C.

Fabrication of the molding tool is preferably performed by
lectroforming in order to be able to control the replication
f microscale geometrical details. Nickel is a widely applied
aterial for electroforming, but pure nanocrystalline nickel elec-

rodeposits cannot withstand the relatively high temperature
ithout loosing their hardness due to recrystallization. Among

he metals and alloys which are expected to have a higher ther-
al stability than nickel, and which can be electrodeposited,
i�W is a favorable candidate. Furthermore, a Ni�W alloy is an

xcellent material, because it has high corrosion resistance and
echanical strength.
Several authors have investigated electrodeposition of Ni�W
lloys [1�13]. There is a major problem of the formation of
articipates (probably NiWO4) in the electrolyte for the elec-
rodeposition of Ni�W alloys [13]. This can be overcome by
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62
; Pulse plating

dding a suitable complexing agent. The in�uence of such a
omplexing agent on the current ef�ciency, the composition of
he deposit and mechanical properties, etc., is critical. Actu-
lly, citrate which forms a complex with both the nickel ion
nd tungstate and gives stability to the electrolyte is a common
omplexing agent for Ni�W electroplating. However, citrate is
ssociated with a low current ef�ciency. To overcome this dis-
dvantage often ammonia is added, which raises the current
f�ciency, but ammonia enhances only the transport of nickel
ons by complex formation and consequently reduces the tung-
ten content in the deposit [2]. Consequently, it is hard to obtain
combination of high current ef�ciency and high tungsten con-

ent with citrate as the main complexing agent in the electrolyte.
he development of a new electrolyte containing citrate, glycine
nd triethanolamine (TEA) as complexing agents was conducted
n our previous work [14].

Another problem with Ni�W deposits is that they suffer
rom relatively high tensile stress, which can give rise to
rack occurrence in the electrodeposit. There are some reports
n residual stress of Ni�W electrodeposits with using stress
educers [15�17]. Hydrogen dissolution in the deposit and its
ubsequent release is assumed to be the origin of the occurrence
f tensile stress [15]. The release of hydrogen from solid

olution in the deposit may result in a time-dependent residual
tress. So far little attention has been denoted to the evolution
f residual stress with time. Reduction of residual stress is
he subject of the present contribution, taking into account the
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