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Abstract Calculations based on the equilibria involved
have been carried out to find the conditions of the
highest possible solubility of Ni(Il) in an ammo-
nia-citrate bath for the electrodeposition of amorphous/
nanocrystalline Ni-W alloys. The appropriate increase in
the concentration of citrate, followed by the corre-
sponding increase in the concentration of Ni(II), has led,
under the conditions of constant current, to the increase
in the efficiency of the electrodeposition and therefore
the rate of electrodeposition by 3.2 times. The amor-
phous alloys obtained in solutions of different Ni(II)
concentrations had different sizes of nanocrystals
(15-100 A), as determined from X-ray diffractograms,
and different alloy compositions (10-19.5 at% of W),
but were of similar high hardness.

Keywords Amorphous alloys - Nanocrystals -
Nickel-tungsten alloy - Electrodeposition -
Ammonium citrate bath

Introduction

Tungsten alloys with iron [1, 2], cobalt [1, 3, 4, 5, 6] and
nickel [1, 2, 7, 8, 9, 10] can be obtained in the amorphous
state by electrodeposition. In fact, this is not an ideal
amorphousness. The corresponding X-ray diffracto-
grams do exist; however, they usually have just one very
wide diffraction peak. The thickness of the peak mea-
sured at one half of its maximum intensity, A20, often
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exceeds 6°. Recently, the word “amorphous’ is often
replaced by the word ‘“‘nanocrystalline™, as it is believed
that nanocrystals are responsible for the X-ray peaks of
amorphous materials [11].

The amorphous alloys of W with the iron group
metals exhibit some remarkable exploration properties
such as high corrosion resistance [2], premium hardness
[1, 2, 3] and high resistance to wear [2, 4, 7]. These
attractive properties made the mechanical, motor and
electronic industries focus their interest on W amor-
phous alloys, especially the one with Ni. This alloy has a
noble appearance and is seen as a potentially environ-
mentally safe substitute for hard chromium plating and
a new material for the microelectronics and microelec-
tromechanical systems (MEMS) technologies [7].

For the electrodeposition of the tungsten alloys we
have been using citriccammonia solution, which is a
modification of the inefficient primary bath containing a
difficult to handle salt, boron phosphate [4, 5, 6, 12]. In
this medium, a very good quality of the coatings can be
obtained, and by using the appropriate current pulsing
the content of tungsten (in the Co-W alloy) can be raised
up to 41 at%. An increase in the tungsten content can be
also obtained by eliminating ammonia from the bath [§].
Interestingly, a substantial increase in the ductility of the
Ni-W alloy can be obtained by removing, under vacu-
um, the hydrogen dissolved in the alloy [13]. Our recent
finding was that a mixed Ni-Fe-W amorphous alloy
deposited from the citric-ammonia bath appeared to
give the best properties for the Ni-W and Fe-W alloys
[14].

Both the current efficiency and the rate of the elec-
trodeposition of the Ni-W amorphous alloys from the
citric bath are disappointingly low. The current effi-
ciency usually does not exceed 12-14%. Two reasons for
such a low efficiency can be given: (1) hydrogen evolu-
tion during the electrodeposition process; (2) the low
solubility of NiSO, in the bath. The second point has
particularly attracted our attention. The aim of this work
was to modify the citric-ammonia bath composition so
that the Ni(II) concentration and the rate of growth of
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the Ni-W alloy films could be increased. This was ac-
complished by using thermodynamic optimization. The
alloys obtained were examined to find out how the in-
crease in the deposition rate would affect the amor-
phousness and the composition of the Ni-W alloy.

Experimental

Current density was controlled using a Russian programmable PI-
50-1.1 galvanostat/potentiostat. The deposition time varied from
30 to 120 min. For the electrodeposition a plating cell with two
separated anodic compartments was used The anodes were two
plain graphite rods of area ca. 10 cm? each. The substrates were
made of pure copper foil of working area 2 cm? Immediately be-
fore plating they were degreased and then shghtly etched/activated
with dilute sulfuric acid. An optimal current density of 70 mA /cm?
and an optimal bath temperature of 65 °C, as reported in previ-
ously [6], were used.

The bath composition improved and optimized for the elec-
trodeposition of Ni-W alloys [6] was the starting point in this work
and is called the initial solutlon throughout this paper. This solu-
tion contains 0.265 mol/dm> Na2W04, 0.135 mol/dm?® sodium c1-
trate (Na,H,Cit), 0. 065 mol/dm? citric acid (H4C1t), 0.014 mol/dm?
H;PO,, 0.4 mol/dm H;BO,4 and 0.02 mol/dm NiSO4. Ammonia
water was used to keep the QH at its optimal value of 8.5, and
2-butene-1,4-diol (50 mg/dm”) and rokafenol N-10 (nonionic
detergent 51mlldr to Lutensol) (100 pl/dm®) were added as brlght-
ener and wetting agent, respectively. The changes introduced in the
course of the work concerned the concentration of Ni(II) and/or
the sum of the Na,H,Cit + H,4Cit concentrations only.

Spectrophotometric investigations were carried out with a
spectrophotometer, type KFK-2MP (LOMO, Russia). The solu-
tions for these investigations were prepared by adding various
amounts of the working NiSO, solution to a series of 25 mL
standard flasks. NaOH and water were added to adjust pH and
volume, respectively. All the solutions were equilibrated in a ther-
mostat.

The composition of the deposits was examined using a Roentec
(model M1) EDX analyzer (Germany) assembled with a LEO 435
VP scanning electron microscope. The structure of the deposits was
determined by the X-ray diffraction method using a DRON-1 in-
strument equipped with a Fe X-ray tube (K,: 2=1.9373 A). The
alloy layers were not separated from the copper substrate before
the X-ray measurements.

The buffer capacity of the pldtmg bath solution was determined
by titration with a 9.73 mol/dm® NaOH solution to avoid any di-
lution effects. Changes in pH were monitored with a pH meter, type
MP220 (Switzerland). CurveExpert software (produced by Daniel
Hyams) was used for the extraction of buffer capacity from the
titration curves, and Maple V software (Waterloo Maple Software
and University of Waterloo) was adopted for the calculations of the
distribution of the species.

All solutions were prepared using reagent grade chemicals and
doubly distillated water.

Results and discussion

Experimental and theoretical study of the solubility
of Ni(Il) in the plating bath solution

Since the solutions containing Ni(II) are colored, it was
possible to estimate the Ni(II) concentration and its
solubility in the bath by spectrophotometric measure-
ments. For this study we have used the initial solution
with varying amounts of NiSO, added to it. The

experimental spectrophotometric data obtained, plotted
as absorbance versus Ni(II) concentration, are shown in
Fig. 1. Absorbance of the freshly prepared solutions
versus concentration of Ni(Il) is approximately linear
over the entire concentration range. A small amount of
greenish precipitate was obtained only in the solutions
containing Ni(II) at a concentration of 0.09 mol/dm®.
After longer times (usually after 24 h) and for concen-
trations of Ni(II) higher than 0.030 mol/dm?, the ap-
pearance of a precipitate in the solution was always
observed. This phenomenon was accompanied by a de-
crease in the absorbance in the visible light, so it was
clear that the effect is caused by the decrease of the
Ni(IT) amount in the solutions.

During the experiments the solutions were not de-
canted; therefore they were in equilibrium with the solid
phase. The shape of the spectra did not qualitatively
change as the solution aged, which means that the pre-
cipitation was the only change in the solution. The
precipitation of two insoluble nickel compounds, phos-
phate and hydroxide, was considered. It was found by
X-ray fluorescence analysis of the precipitate that nickel
precipitated from the solution as Ni3(POy),. The solu-
bility of Ni(II), S, in the bath (initial solution), estimated
from the experimental data, is 0.025-0.03 mol/dm?>. The
final value for the Ni(II) solubility was usually estab-
lished in approximately 10 days.

To identify the factors that influence Ni(II) solubility,
mathematical simulations of the distribution of all the
species in the bath were performed. For this purpose a
complete set of equations related to all equilibria in the
solution was solved. This set included the following re-
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Fig. 1 Absorbance plotted versus total concentration of Ni(II) in
the initial solution. Measurement time: immediately after prepara-
tion (7); after 24 h (2); after 48 h (3); after 68 h (4); after 240 h (9).
Wavelength: 670 nm



lations and quantities: the equilibrium constants for all
compounds added to or formed in the solution (e.g. the
dissociation constants for the acids and ammonia and
the stability constants for various nickel complexes); the
mass balance, [J],,,,,= Z[J;’*/*}, for all forms in the

equilibrium mixture; and the charge balance,
>on;[Cat!"] = > n;[An!"], where “Cat” and “An”
denote cation and anion, respectively.

Because the precipitate formed during the aging
process was identified as nickel phosphate, the solu-
bility product of Niz(POy), was taken as the condition
for the saturation of the solution by Ni(Il). The for-
mation of the following mononuclear nickel complexes
was taken into account in the calculations: NiOH ™,
Ni(OH),, Ni(OH);, N1HC1t NiCit*, Ni(HCit);‘*,
NiHPO, and N1(NH;) , where n—1-6. It is worth
noting that an appreciable amount of NiCit> is ob-
tained at pH values higher than 10-11 for an ionic
strength of 2 mol/dm®, whereas in solutions of low
ionic strength a pH value of 13-15 is needed to obtain
a significant quantity of the complex. The formation of
multinuclear complexes, which were reported to exist in
extremely small quantities in the concentrated citrate
solutions [15], was neglected. The nickel mixed com-
plexes (with two different ligands) cannot be formed in
significant quantities [16] and were not considered in
the calculations either.

The system Ni(II)-citrates-ammonia-phosphates

The calculation of the distribution of the nickel com-
plexes in a solution containing various ligands is not
straightforward, since most of the values of the stability
constants are reported for low ionic strength and for low
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concentrations of metal and ligand. At the same time,
the majority of plating solutions have high concentra-
tions of the ionic species.

As reported above, the maximum concentration of
Ni(II) in the plating bath solution was ca. 0.025 mol/
dm’®. The distribution of the Ni(II) species in the plating
bath solution saturated with Ni(II) was calculated using
five sets of stability constants from different sources [17,
18, 19, 20]. In all cases the dominating species appeared
to be the same, and its calculated concentrations were
similar. However, the differences in the concentrations of
the minor components were significant, e.g. they differed
by more than three orders of magnitude in the case of
Ni(OH) *. If the results of the calculations for the satu-
rated solutions were correct, the calculated value of the
concentration product [N12+] [PO;"]* would be close
to the solubility product of Niy(POy),, i.e. Kyq=10>%3
[20]. Not surprisingly, the data, which were obtained
without making corrections for the high ionic strength,
gave values for the concentration product departing by
five orders of magnitude from the solubility product.

The ionic strength of the bath was estimated by us to
be equal to 2 mol/dm?, and for this number the activity
coefficients of all ions were calculated. The results for the
distribution of the ions done for two selected sets of the
stability constants and corrected for the changes in
the activity coefficients are presented in Table 1. It can
be seen that the concentration product [Nl 1°[PO3]?
is much closer to the solubility product in the case of
corrected stability constants.

The distribution of all the species containing Ni(II) as
a function of pH is shown in Fig. 2. In the pH range
from 8 to 10, which is recommended for the plating
process, the dominating species in the bath are the ci-
trate and ammonia complexes. The molar fractions of

Table 1 Concentrations of

Ni(IT) complexes in the solution Particle Concentration of species (mol/dm?)
saturated with NiSO, calculat- Stability constants taken Stability constants taken Stability constants taken
ed with the use of various sets
o . from [19]; i 10n1c strength  from [20]; 1omc strength ~ from [20]; corrected for
of stability constants. Solution
ompositi}(])n total Ni(II) con- 0.25 mol/dm? 0-0.1 mol/dm? ionic strength 2 mol/dm?®
3
centration ~0. O%Sdm"l/ dm”, Ni(HCi)} 0.02463 0.0236 0.0244
e T 6?2/ n} 3 NiCit? 8.64x10°° 1.09x10°3 3.69x10°*
[H3B04] 00t mol/ dm NiHCit" 2.84x10° 2.73x10° 1.58x10™
[H3BO;]=0.365 mol/dm Ni(NH;3)2" 1.19x10°3 1.28x10° 2.50x10°5
[NH3]i0=0.415 mol/dm . o 5 5 5
Ni(NH3);* 1.23x10 8.99x10 1.76x10
Ni(NH;);" 3.86x10°° 5.26x10°° 1.03x10°5
Ni(NH3)3 4.64x10°° 2.29x10°° 4.48x10°°
Ni(NH;)** 4.09x1077 6.68x107 1.31x10°°
NI(NH3)2+ 3.82x10°° 1.11x10°’ 2.17x10°7
NiOH™* 1.88x10°° 7.06x1078 1.38x1077
NiH,Cit 1.97x10°8 4.33x107° 7.37x10°%
NiZ* 1.30x10°® 2.39x10°® 4.68x107%
Ni(OH), 1.19x107% 8.48x107!! 1.66x107°
NiHPO, 5.33x10712 5.28x10712 5.02x1071°
Ni(OH);" 8.81x10 " 1.61x10 "3 3.16x10°"3
PO;~ 1.84x107° 1.84x10°° 4.81x107°
[N12+] [PO4 ] 10 35.1 10 34.3 10 30.6

“In [19] the calculations are for the dimer of this ion (Ni,Citr3")
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Fig. 2 Calculated molar fractions of Ni(II) complexes in total
Ni(II) plotted versus pH. Solution composition: [Ni(II)],,=0.02 -
mol/dm?®, [H3PO4]=0.014, Ccjior=0.2 mol/dm®. Calculations
were done using published stability constants of Ni complexes
[20] and corrected for the jonic strength of 2 mol/dm?

two groups of these complexes plotted versus pH are
shown in Fig. 3. The fraction of the ammonia complexes
increases substantially for pH values higher than 9. For
pH values higher than 10, an increase in the NiCit>
concentration takes place at the expense of the ammonia
complexes. The calculated facts for the ammonia com-
plexes were confirmed by spectrophotometric measure-
ments (see Fig. 4). The spectra obtained at a pH lower
than 9 are not affected by addition of phosphate ion or
ammonia. At pH 10.7 (curve 5) the shape of the spectra
is significantly changed. This change is caused by the
formation of ammonia complexes, since the spectrum is
identical to that obtained for a solution of NiSO, and
ammonia (curve 7). Increase of the pH to more than 10
was expected to result in an increase in the molar frac-
tion of the hydroxy complexes of Ni(II) in the solution.
However, this fact was not confirmed by the spectro-
photometric experiments.

The next step in the work was to determine how such
factors as pH and the concentrations of other bath
components influence the solubility, S, of NiSOy in the
bath. For this purpose, partial derivatives (dS/dC;)¢; and
(0S/dpH)(;, where C; is the concentration of species 7 in
the bath, have been analyzed. The other concentrations
were kept constant. It was found that the solubility of
Ni(II) strongly depended on total concentration of ci-
trates, Cciror- This is simply because most of the Ni(II)
present in the bath solution is in the form of various
citric complexes [~99% of total Ni(Il) at pH in the
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Fig. 3 Cumulated molar fractions of all citric and all ammonia
nickel complexes in total Ni(II) plotted as functions of pH
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Fig. 4 Absorbance spectra in 0.02 mol/dm® Ni(I) solutions.
Solution composition: 0.135 mol/dm® Na,H,Cit+0.065 mol/dm?
H,Cit+0.02 mol/dm® NiSO, (1); as (I), pH 8.42 (2); as (1),
pH 10.72 (3); as (/)+NHj, pH 8.42 (4); as (/)+NHj;, pH 10.7
(5); as (1) +0.014 mol/dm® H5POy4 (6); NiSO,+ NH3, pH 10.06 (7).
Curves 2 and 3: pH was adjusted by addition of NaOH

range 8-8.5]. The dominating form is the complex
Ni(HCit),*. At pH 8.5, (35/0Cciti0)=0.152, which
indicates that the solubility of NiSO, increases with an
increase in the total citrate concentration. For example,
the increase in the total concentration of the citric



species from 0.2 to 1.2 mol/dm?, at pH 8.5, makes the
solubility of NiSO4 in the bath increase by approxi-
mately 10 times. The dependence of NiSOy solubility on
total citrate concentration, Cciitor (at pH 8.5, and for
0.014 mol/dm® H3PO, and 0.415 mol/dm® ammonia),
can be expressed by the following equation:

S = 0.000046 + 0.094Cci1or + 0.147CZ, ., (1)
Equation 1 was obtained by employing the least-squares
fitting procedure to the results of the calculations of S.
This equation is parabolic, since the dominating com-
plex at pH 8.5 is Ni(HCit); and the dependence of the
HCit* concentration on total citrate concentration (for
solutions saturated with NiSO,4 at pH 8.5, and
containing 0.014 mol/dm® H;PO, and 0.415 mol/dm’
ammonia) is also parabolic:

[HCit*] = 0.81Ccjttor — 0.29C*

Cit,tot

(2)

The next factors that influence the solubility of NiSO,
are pH and the concentration of the hydrogen phos-
phate species. With pH change in the range 7.5-9.5 the
solubility of NiSO,4 changes by 10% only. Regarding the
hydrogen phosphate species, the solubility of NiSO,4
increases with decreasing total H3;PO, concentration.
For example, at pH 8.5 the decrease of the H3;PO,
concentration from 0.11 mol/dm® to 0.014 mol/dm® in-
creases the solubility of NiSO4 by 20%. The other sub-
stances have a much smaller influence on the solubility
of NiSQy in the bath.

It is known that the pH of the plating bath is one of
the key parameters responsible for a good quality of the
deposit. To keep the pH stable, the buffer capacity
should be sufficiently large. We found that the presence
of ammonia at a concentration of 0.415 mol/dm? in-
creased the buffer capacity about 1.5-2 times at pH
values above 9 and for concentrations of citrates in the
range 0.2-1.2 mol/dm®. The maximum buffer capacity
was obtained at pH values in the range from 9.7 to 10,
and a local minimum was found at pH 8.5, which un-
fortunately is the initial pH of the bath. Fortunately,
since intensive hydrogen evolution takes pace during the
electrodeposition, a possible increase in pH should be
slow, as this increase is accompanied by a large increase
in the buffer capacity.

As already mentioned, only two nickel compounds
can precipitate from the plating bath solution: Ni(OH),
and Ni3(POy),. The pH at which the precipitation of
these compounds starts depends on the total citrate and
the Ni(II) concentrations. This is shown in Fig. 5. The
precipitation of Ni(OH), always starts at a higher pH
value than that of Ni3(POy),. The solution remains stable
below each line, indicating the precipitation of Ni3(POy),.

Electrodeposition rate of Ni-W alloys

To learn about the influence of Ni(Il) concentration in
the bath on the rate of Ni-W alloy electrodeposition, we

stable solution

02 0.4

I T
0.6 0.8 1.0 1.2 1.4
[cit],,/ mol dm™

Fig. 5 Calculated pH for the start of precipitation of Ni3(POy),
(solid line) and Ni(OH), (dotted line) as a function of the total
concentration of citrates in the solution containing H3PO,4
(0.014 mol/dm®), ammonia (0.415 mol/dm®) and H;BO,
(0.365 mol/dm®). The total concentration of Ni(Il) is indicated
below each curve

have performed experiments with higher concentrations
of citric compounds ([Na,H,Cit]=0.8 mol/dm® and
[H,Cit]=0.4 mol/dm®). The increased concentration of
the citrate species resulted in an increase in the solubility
of NiSOy in the bath up to 0.163 mol/dm>. In the con-
secutive electrodepositions the concentration of Ni(Il)
was changed in the range from 0.017 to 0.150 mol/dm°.
The amounts of the other components were kept at the
level corresponding to the initial solution. The experi-
mentally obtained deposition rates are plotted in Fig. 6.
The deposition rate of the alloy increased significantly
under the new conditions, especially for the higher cur-
rent densities (curves 2 and 3). We want to stress here
that under the conditions of constant current plating an
increased deposition rate must be accompanied by an
appropriate increase in the current efficiency, since the
sum of the electrolysis charges of Ni, W and H is con-
stant. This increase in current efficiency amounts to 32%
against 8-12% for the initial solution; see Table 2.

The side effect of the increase in the concentration of
the citric compounds from 0.2 mol/dm? to 1.2 mol/dm?
is a decrease in the tungsten content. For the total
concentration of Ni(II) equal to 0.02 mol/dm® and i=35
and 100 mA/cm?, the tungsten content decreases to 14.2
and 15.5 at%, respectively. This is illustrated in Fig. 7.
All the dependencies presented in Fig. 7 have a maxi-
mum at a Ni(Il) concentration of approximately 0.04—
0.05 mol/dm?, so this concentration of Ni(II), from the
point of view of maximum W content and the maximum
deposition rate, seems to be optimal. The amorphous-
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Fig. 6 Effect of total Ni(II) concentration on alloy deposition rate,
v, for various current densities: i=35 (1); 70 (2); 100 mA/cm? (3).
Solution composition: [Na,H,Cit]=0.8 mol/dm?, [H4Cit]=0.4 -
mol/dm?®, pH 8.5. Concentrations of other components are the
same as in the initial solution

ness of the alloys (the size of the nanocrystals) is also
affected under the conditions of the increased electro-
deposition rate of nickel. This is discussed in the next
section.

X-ray spectra and size of the nanocrystals

The increase in the current efficiency and in the deposi-
tion rate, obtained by increasing the concentration of the
nickel species in the solution, is accompanied by some
changes in the X-ray diffraction patterns. As is seen in
Fig. 8, curve 1, a broad maximum typical for the
amorphous Ni-W structure is placed at the 2@ angle of
ca. 55.8°, which value is slightly less than that known for
the Ni(111) signal. The alloy signal becomes more steep
as the tungsten content in the alloy decreases to between

15 and 14 at% (curves 2 and 3 in Fig. 8). At this W
content, only one diffraction signal is observed. The
steeper shape of the diffractograms indicate that the
order range in the deposited layers is increased, while the
absence of more reflections originating from the other
surfaces means that the layers contain just one phase
with the (111) planes parallel to the substrate surface.
The diffractograms obtained for the alloys containing 12
and 10 at% W exhibit further changes. Not only the
intensity of the signal decreases and its half-width drops,
but at the same time, two other weak signals located
close to the Ni(200) and Ni(220) lines appear in the
diffractograms. This is illustrated by curves 4 and 5 in
Fig. 8. Apparently the internal structure of the alloys
starts to resemble, a little, the structure of the poly-
crystalline nickel. A little, since the diffraction signals are
of rather low intensity. We conclude that the alloy
structure remains virtually homogeneous and amor-
phous-like.

To characterize the amorphous structure more
quantitatively, one should rather speak about the size of
the nanocrystals [11]. We have done this by correlating
the broadening of the diffraction peaks and the grain
size in the alloy layers. For the calculation, we have used
the formula given originally by Scherrer [21]:
B =0.94//(e cos®), where f is the peak broadening in
radians, / is the wavelength in A, € is the crystal size in A
and O is the position of the peak on the diffractogram.
The digital constant 0.94 in the above expression for £ is
the best for the cubic structure. The corrected definition
of the line broadening, > = B> —b*, where b is the
width of the peak for the crystalline material and B is the
peak width of the sample examined, was given by
Warren and Biscoe [22]. In our case, the value of » was
experimentally determined for the Ni(111) peak of the
polycrystalline nickel. The number obtained was
0.00872 radians. The sizes of the nanocrystals present in
the amorphous alloy layers, calculated from the peak
broadening, are presented in Table 3.

Conclusions

The experimental data obtained indicate clearly that it is
possible to control the key parameters of the amor-

Table 2 Current efficiencies
obtained for various concen-
trations of NiSQOy in the initial

Concentration of NiSOy,
in the bath (mol/dm?)

Current efficiency (%)

2 2 2
solution modified by increasing 35 mA/em 70 mA/em 100 mA/em
the total citrate concentration
3 0.017 - 9.6 -
to 1.2 mol/dm 0019 3.3 B 91
0.030 13.6 14.5 14.4
0.050 18.9 19.9 20.6
0.075 25.6 28.0 29.2
0.100 18.8 30.9 33.0
0.125 23.0 32.1 31.0
0.150 22.5 323 33.0
Initial solution: Ccjt ot =0.2 M, 12.2 9.9 8.9

[NiSO4]=0.02 M
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Fig. 7 Influence of NiSO,4 concentration on tungsten content for
various current densities. Solution composition: as in Fig. 6

phous/nanocrystalline Ni-W alloys using the appropri-
ate concentrations of citrate and Ni(II) in the bath. The
increase in the concentration of citrate followed by the
corresponding increase in the nickel concentration, at
the optimal pH of 8.5, results in a significant increase, by
3.2 times, in the deposition efficiency and therefore the
deposition rate of the alloys. At the same time, a de-
crease in the tungsten content takes place and the order
range in the alloy deposits increases. Interestingly, at this
enhanced deposition rate, the Ni-W alloy is still rather
more amorphous than polycrystalline, as the width of
the peak in the diffractograms is substantially larger
compared to the polycrystalline nickel. The sizes of the
nanocrystals estimated from the peak width using the
Scherrer formula equaled 15-100 A, depending on
the nickel concentration and the deposition rate. Only
the number obtained for alloy 1 can be compared
with the literature data: Yamasaki [13] examined a
similar electrodeposited alloy and obtained a grain size
in the range 25-68 A by analyzing the X-ray diffracto-
grams, and in the range 30-70 A by transmission elec-
tron microscopy. His alloys were, however, obtained
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Fig. 8 X-ray diffractograms obtained for Ni-W alloys deposited
in: the initial solution (/), and solutions containing increased
concentrations of Ni: 0.03 (2); 0.05 (3); 0.075 (4); 0.125 mol/dm?
(5). Total citrate concentration: 1.2 mol/dm?® (2-5); current density:
70 mA jem?

under conditions of much higher current density, and
the tungsten content did not cover the range of con-
centrations of this report.

Since only one peak is seen in the X-ray diffracto-
grams, we presume that the alloy is homogeneous. Also,
since the peak maximum is located close (at 20 =ca.
55.8°) to the (111) peak of fcc Ni, we conclude that this
structure of Ni, somewhat deformed, is dominating in
the alloy layers, and the (111) planes are parallel to the
substrate surface. Interestingly, the alloys marked as 2
and 3 in Table 3 maintain the deposit hardness of alloy 1
despite the decrease in the tungsten content. We believe
the similarity of the structure of these alloys is respon-
sible for the unchanged hardness. In fact, the hardness
of alloys 2 and 3 is even slightly higher than that of alloy
1, which is maximally amorphous. Alloys 2 and 3 were
obtained from the solutions containing an increased
concentration of Ni(II) (by 2-3 times). A further in-

Table 3 Size of crystals and other parameters for the layers of Ni-W alloys electrodeposited under various conditions. Solution
composition: alloy 1, initial solution; alloys 2—5, total concentration of citrate ions was increased to 1.2 mol/dm?

Alloy no.  Cniqn Deposition Current Composition Half-peak width Estimated grain Hardness (HV)
(mol/dm?) rate (mg/h/cm?) efficiency (%)  W:Ni (at%) (radians) size (A)

1 0.02 7.69 9.9 19.5:80.5 0.136 15 824

2 0.03 11.22 14.5 14.8:85.2 0.0241 84 840

3 0.05 15.39 19.9 13.9:86.1 0.0230 87 832

4 0.075 21.60 28.0 11.9:88.1 0.0204 100 728

5 0.125 24.65 32.1 10.0:90.0 0.0218 90 684
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crease in the Ni(II) concentration in the plating bath
leads to a decrease in the tungsten content down to
10 at%. This is accompanied by a decay in the preferred
(111) surface orientation and a significant lowering of
the hardness. While sample 5 obtained from the solution
of the highest concentration of Ni(II) is still much harder
than the pure nickel deposited from the citrate baths (ca.
350 HV) [23], its smoothness and the adhesion to the
substrate is worse.

An important final conclusion is that that it is pos-
sible, by changing the citrate and nickel concentrations,
to increase the alloy deposition rate and to obtain
amorphous/nanocrystalline deposits of various grain
size, various compositions and similar good appearance
and high hardness.
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