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Synthesis of bulk nanocrystalline nickel by pulsed
electrodeposition
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Square-wave cathodic current modulation was used to produce nanocrystalline nickel
electrodeposits with grain sizes in the range 40-10 nm from saccharin-containing Watts-type
baths. The optimum plating conditions to synthesize nanocrystals, namely pulse on- and
off-time and peak current density, as well as bath pH and temperature, were identified. At
these plating conditions, the grain size of the electrodeposits was found to decrease with
increasing saccharin concentration in the bath. The preferred orientation of the deposits
progressively changed from a strong (2 00) fibre texture for a saccharin-free bath to a (111)
(200) double fibre texture for a bath containing 10 gl ' saccharin. Transmission electron
microscopy showed that the electrodeposits consist of uniform structure with narrow
grain-size distribution. These deposits, as expected, were found to contain co-deposited

sulphur and carbon impurities.

1. Introduction

Electroplated nickel is used extensively in many engin-
eering applications, ranging from simple thin film for
decorative purposes and corrosion- and wear-resis-
tant coatings to bulk electroformed products such as
rotary printing cylinders [1]. Although electroplated
nickel has been widely used for over a century now,
considerable interest remains in improving its mech-
anical, electrical, magnetic and corrosion properties.
These properties are strongly influenced by many

parameters such as composition, morphology, inter-

nal stresses, preferred orientation and grain size of the
deposits [1].

In recent years, as a result of advances in the under-
standing of the effects of grain boundaries on the
structure and properties of materials, structures with
grain sizes less than 100 nm have received consider-
able attention [2]. This has led to the new field of
nanostructured materials. In view of the attractive
properties observed in such nanostructures, numerous
synthesis techniques are presently under development
for the production of these materials in large quantit-
jes. These include gas condensation, ball milling,
sol-gel techniques, spark erosion, etc. [2]. Our re-
search efforts have been concerned with electrochemi-
cal synthesis using conventional direct current elec-
trodeposition, pulse plating, clectroless plating and
co-deposition processes to produce nanocomposite
materials [3]. Electrodeposition has many advantages
over other nanoprocessing techniques, including (1)
the potentially very large number of pure metals,
alloys and composite systems which can be deposited
with grain sizes less than 100 nm, (2) the low initial
capital investment required to synthesize these mater-
ials, (3) high production rates, (4) few size and shape
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limitations, and (5) the relatively minor “technological
barriers” to be overcome in transferring this techno-
logy from the research laboratory to existing electrop-
lating and electroforming industries.

Although there are numerous reports in the litera-
ture on electrodeposits with ultrafine grain structure
{e.g. [4]) no systematic studies on the synthesis
of nanocrystalline materials by electro-deposition to
optimize certain properties by introducing large
volume fractions of grain boundaries and triple
junctions into the material were published prior to
1989 [5,6].

Over the past five years, we have particularly
studied the synthesis, structure and properties of
nanocrystalline nickel. We have already shown
[7-13], that grain refinement of electroplated nickel
into the nanometre range ( < 40 nm) results in unique
and, in many cases, improved properties as compared
to conventional polycrystalline nickel. For example,
the hardness of electrodeposited nickel initially in-
creases linearly far into the nanocrystalline range from
the hardness of about 150 kg mm ™2 for deposits with
100 um grain size to about 650 kgmm ™2 at 10 nm [7].
However, starting at grain sizes less than 30 nm,
a clear deviation from the regular Hall-Petch relation-
ship [14, 157 is observed leading to a plateau in the
hardness curve at about 650 kgmm ~ 2 for the smallest
grain size of 10 nm. Thermal stability measurements
at 573 K of electrodeposits with 10 nm grain size
showed an initial rapid grain coarsening by a factor of
approximately 2-3, before grain size stabilization oc-
curred [8]. Potentiodynamic testing of nanocrystal-
line nickel electrodeposits in 2NH,SO, showed the
regular active—passive—transpassive behaviour that is
common for normal crystalline nickel [9]. Although
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TABLE I Composition and pH of electroplating baths used in the
present study

g™
Ni,SO,-7H,0 300
NiCl, -6H,0O 45
Boric acid 45
Saccharin 0.5-10

pH adjusted to 2.0 with 7:1 ratio H,SO,:HCI acid mixture

Figure 1 Schematic representation of pulse plating waveform show-
ing the important pulse parameters: J,,; average current density; J,,
peak current density, T,,, pulse duration; Ty pulse off-time.

TABLE II Pulse plating conditions leading to acceptable nano-
crystalline nicke! deposits from saccharin-containing Watts-type
baths [17,18]

Parameter Optimum value
On-time (ms) 2.5
Off-time {ms) 45
Peak current 1900
density (mA cm ™ %)
Temperature (°C) 65
pH 20

the overall dissolution rates in the passive range were
somewhat enhanced in nanoprocessed material, it was
found that nanocrystalline nickel exhibits superior
resistance to localized corrosion [9]. Magnetic
measurements showed that the saturation magnetization

Figure 2 Influence of saccharin concentration in the bath on
surface morphology of 300 ym thick nickel deposits with T, of

1 2.5ms, T of 45ms and J, of 1900 mAcm™2: (a) 0.0gl™ "
der e il () 05¢17% () 258175 (d) 58177 and (¢) 10g17"




Figure 3 Dark-field electron micrographs showing the influence of saccharin concentration in the bath on the grain size of nickel deposits
produced with T, of 2.5 ms, Toge of 45 ms and J, of 1900 mAcm ™% (a) 0.5g1 % (b) 25g1 () 5gl ' and (d) 10gl %
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Figure 4 Grain size as a function of saccharin concentration in the
bath of mnickel deposits produced at (W) T,,=25ms,
Tt =45ms, J, = 1900 mAcm™? and pH~2.0.

is little affected by the grain size of the nanocrys-
talline nickel down to grain sizes of 10 nm [10].
Nanocrystalline nickel deposits with a grain size of
10 nm also exhibited a three-fold increase in the room-

temperature dc electrical resistivity as compared with
conventional coarse-grained nickel which was ex-
plained in terms of electron scattering events at grain
boundaries [11]. Hydrogen permeation studies on
nanocrystalline nickel with a grain size of 17 nm yiel-
ded enhanced hydrogen diffusion coefficients for the
grain- boundary and triple- junction components of
the material [12]. Moreover, nanocrystalline nickel
with a grain size of about 20 nm showed an 18-fold
increase in the hydrogen solubility as compared to its
conventional polycrystalline counterpart [13].

The purpose of the present paper is to present the
details of the pulse electrodeposition technique used
to synthesize these materials from a modified Watts’
bath. The effects of the electrodeposition variables and
the saccharin concentration in the bath on surface
morphology, grain size and preferred orientation will
be discussed.

2. Experimental procedure

Watts-type baths containing saccharin, as shown in
Table 1, in a standard 2l reaction kettle, were used to
produce up to 300 um thick nanocrystalline nickel
electrodeposits. Analytical grade chemicals and distil-
led water were used to prepare the solutions. The
solution temperature was maintained at 65 + 0.1°C
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by immersing the plating cell in a large volume
thermostatted water bath. The saccharin concentra-
tion in the solution was changed in the sequence
0.5,2.5,5-10 g1~ *. Saccharin in the form of a powder
was added to the plating bath and stirred until com-
plete dissolution was achieved prior to the commence-
ment of plating.

A high-purity (99.99 %) electrolytic nickel sheet
contained in a titanium mesh basket was used as the
soluble anode. Its surface area was approximately ten
times greater than that of the cathode to ensure that
there were no problems arising from anode polariza-
tion, particularly at high current densities [16]. The
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Figure 5 (a) Bright-field, (b) dark-field and {c) electron diffraction
pattern  of nanocrystalline nickel deposit produced at
Ton=25ms, Toc=45ms, J,=1900mAcm™% pH~20 and
5 g1~ saccharin in the bath.
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Figure 6 Grain-size distribution of nanocrystalline nickel deposit
shown in Fig. 5.

cathode substrate was made of titanium sheet with an
exposed surface area of 1 or 2cm® The anode was
placed a distance of 8 cm away from the cathode. After
electrodeposition, the nickel deposits were mechan-
ically stripped off the titanium cathode.

Pulsed electrodeposition of nickel was carried out
galvanostatically using cathodic square wave pulses
with complete current cut-off during the interval be-
tween the pulses, as shown in Fig. 1. The optimum
pulse plating parameters leading to acceptable deposi-
ts are shown in Table II [17,18].

Scanning electron microscopy was used for the ob-
servation of the surface morphology of the as-plated
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Figure 7 XRD patterns showing the influence of saccharin concen-
tration in the bath on the preferred orientation of nickel deposits
with Ty, = 2.5ms, Tor =45ms, J, =1900mAcm™ 2

surface of the electrodeposits. Bright-ficld and dark-
field transmission electron micrographs were taken for
the examination of the structure and grain size of
nanocrystalline deposits. Thin foils for TEM examina-
tion were prepared by clectropolishing using an electro-
lyte comprising 6% perchloric acid, 15% methanol and
79% acetic acid at a temperature of — 10°C and
a voltage of 15 V d.c. The grain size of the nanocrystal-
line electrodeposits was determined directly from dark-
field transmission electron micrographs by measuring
approximately 250 grains. X-ray diffraction patterns
were obtained using CukK, radiation (A = 0.154 184 nm)
on a standard 6-20 diffractometer. Sulphur and carbon
analyses of the deposits were carried out using the in-
frared absorption technique. Three nickel electrodeposits
were used to obtain average analyses.

3. Results and discussion

Fig. 2 shows the surface morphology of nickel elec-
trodeposits obtained at varying saccharin concentra-
tions added to the plating bath. It is obvious that in
the absence of saccharin (Fig. 2a) large crystals in the
micrometre range are obtained. These deposits also
exhibit relatively large surface roughness and dull
appearance. A saccharin concentration of 0.5gl !
resulted in a transition to a colony-like morphology
with smoother surface roughness, brighter appearance
and much smaller grain size. Similar surface mor-
phologies were obtained with further increase in sac-
charin additions (Fig. 2c—e). This observation is con-
sistent with the work conducted by Dennis and Fuggle
{19,207 on d.c.-plated nickel from organic additive-
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Figure 8 (M, [J) Sulphur and (@, O) carbon impurity contents in the

deposit versus saccharin in bath for nickel deposits produced with
Ton Of 25ms, Ty of 45ms and J, of 1900 mAcm™% (M, @)
pH~2.0 and ((,O) pH=4.5.

containing Watts baths. These authors concluded that
the incorporation of organic additives into the plating
bath resulted in the inhibition of pyramidal growth
and a concomitant reduction in surface roughness and
increase in surface brightness. Weil and Cook [21]
also reported the formation of colony-like morpho-
logy similar to that observed in Fig. 2a—¢, when small
amounts of coumarin or thiourea were added to the
nickel plating solution. More recently, Nakamura et
al. [22] observed similar morphological transitions in
nickel electrodeposited from a Watts bath containing
saccharin. These authors [21,22] also reported a re-
duction in grain size in nickel electrodeposits produc-
ed from coumarin- or thiourea- [21], or saccharin-
[22] containing baths, although no detailed grain size
analysis was carried out.

TEM dark-field images (Fig. 3a—d) of the nickel
deposits produced with saccharin concentrations in
the range 0.5-10 g1~ ! show considerable changes in
grain size. Increasing the saccharin concentration in
the bath resulted in a progressive decrease in grain
size. Fig. 4 is a graph showing the variation in deposit
grain size with increasing saccharin concentrations in
the bath. The grain size values plotted in this figure
represent the 95% standard deviation value for ap-
proximately 250 grains counted directly from dark-
field micrographs. It is evident from this figure that
initially the grain size decreases rapidly with increas-
ing saccharin additions before levelling off at sacchar-
in concentrations of 5 g1~ ! and higher. Increasing the
saccharin concentration in the bath from-5gl™ ! to
10 gl~! has little effect on the grain size reduction.
The ability of saccharin to refine the grain size is likely
due to the combined effects of (1) lowering the over-
potential for nickel ion reduction [22], (2) increasing
the frequency of nucleation by blocking crystalline
growth [23] and (3) retarding surface diffusion of
nickle adatoms on the cathode surface [24].

The levelling off in grain-size reduction with in-
creasing saccharin concentration (see Fig.4) may
be due to a corresponding levelling off in the over-
potential and/or saturation of adsorption sites at the
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cathode surface by saccharin molecules above a
certain saccharin concentration. This is in agreement
with the work of Roth and Leidheiser [25] who found
that saccharin yielded overpotential curves which
reached a plateau with increasing saccharin concentra-
tion in the bath. Saturation of adsorption sites on the
cathode surface by saccharin was also reported by
Edwards [26] with increased saccharin levels in the bath.

Fig. 5a—c show bright-field, dark-field and electron
diffraction pattern, respectively, for a nickel deposit
with an average grain size of 10 nm produced from
a bath containing 5 gl ~* saccharin. It is clear from the
bright-field and dark-field micrographs that these
nanocrystalline nickel electrodeposits (Fig. 5) have
uniform structure and negligible porosity as con-
firmed by density measurements [27]. Another impor-
tant feature of this structure is that some of the larger
bright areas in the dark-field micrograph (Fig. 5b)
actually consist of a number of smaller grains in sim-
ilar orientation, indicating the presence of a microtex-
ture over short distances. The grain-size distribution
for this deposit shown in Fig. 6 can be approximated
by a logarithmic-normal distribution with a much
smaller width than observed in conventional polycrys-
talline materials [28].

The influence of saccharin additions on the prefer-
red orientation of these nickel deposits is illustrated in
Fig. 7. It can be seen from this figure that an increase
in the saccharin concentration in the bath leads to
a progressive change in the preferred orientation from
a strong (200) fibre texture to a (111) (200) double
fibre texture. This result is in agreement with the
observations reported by Nakamura et al. [22] on the
preferred orientation of d.c-plated nickel from
a Watts bath containing saccharin. In addition to
changes in the preferred orientation, higher saccharin
concentrations in the bath resulted in wider peaks
indicative of smaller grain size which is in agreement
with the results from the electron microscopy study.

Fig. 8 shows the variations of the sulphur and
carbon impurity contents in the deposit with increas-
ing saccharin concentration in the plating bath. The
impurity content values plotted in this figure are the
average of three assays. With increasing saccharin
additions, initially both impurities increase rapidly
before reaching a plateau at higher saccharin levels.
Similar results have been reported by Edwards [26]
and also Bonino et al. [23] during d.c. electrodeposi-
tion of nickel from saccharin-containing Watts baths.
Moreover, Fig. 8 shows that at the same saccharin
level, the sulphur content in the deposit is approxim-
ately three to four times higher than the carbon con-
tent.

For comparison purposes, the sulphur and carbon
assay values for deposits produced from a bath con-
taining 10 g1~ saccharin but at pH of 4.5 are also
included in this figure. It can be seen that increasing
the solution pH leads to a considerable decrease in the
impurity content of the deposit. This is consistent with
the work reported by Gill [29] and Brown [30] on the
effect of pH on the co-deposition of sulphur from
sulphur-bearing compounds added to nickel plating
solutions.
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4. Conclusion

This paper demonstrates that relatively pure
{>99.5%) bulk nanocrystalline nickel deposits
having grain sizes in the range 40-10nm can be
produced by pulse electrodeposition from saccharin-
containing Watts-type baths. Increasing saccharin
concentration in the plating bath resulted in an
initial rapid decrease in grain size. Further reduction
in grain size with increasing saccharin concentration
beyond 5 g1~! was not observed. The electrodeposits
produced by this method are smooth and exhibit high
brightness. The preferred orientation of the deposits
was found to change progressively from a (200)
fibre texture at the lowest saccharin concentration
of 0.5g1™! to a (111) (200) double fibre texture
at a saccharin concentration of 10 g1~ *. These deposi-
ts exhibit a narrow logarithmic-normal grain-size
distribution.
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