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The magnetic properties of nickel deposits are known to be related to their crystallographic textures.
Although there has been signi®cant work investigating the relationship between crystallographic
textures and magnetic properties of sputtered ferro-magnetic ®lms, relatively less e�ort has been
spent on studying electroformed nickels. Orientation distribution functions and coercivity of the
nickel deposits, electroformed by using a nickel sulphamate bath and pulse-reverse currents, have
been determined and their relationship examined. It was found that the [1 0 0] ®bre texture with
di�erent orientation densities was formed at di�erent on-times and o�-times, and that at the same
deposition thickness the coercivity increased with increase in the orientation density of the [1 0 0]
®bre texture. This ®ndings are of high signi®cance as they can serve as guidelines for the production
of nickel deposits with de®ned magnetic properties through the control of crystallographic texture by
varying the pulse parameters in pulse-reverse current electroforming.
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1. Introduction

In the past decade, the development of micromag-
netic actuators for micromachines by electroforming
has aroused much interest in studying the magnetic
properties of electrodeposited ferromagnetic materi-
als such as nickel [1±3]. Since the magnetic properties
are known to be related to the crystallographic tex-
tures, much research e�ort has also been spent in
investigating crystallographic textures in the nickel
electrodeposition process. The crystallographic tex-
ture of nickel deposits is dependent on electrolysis
conditions and electrolyte compositions [4, 5], also a
®bre texture along the electric ®eld direction was
observed. With direct current, four kinds of texture
(i.e., orientations [1 0 0], [1 1 0], [2 1 0] and [2 1 1])
are observed in the deposits under di�erent condi-
tions. The electrocrystallization of nickel is known to
be a highly inhibited process [6, 7]. The textural or-
ganization of the deposits has been attributed to the
existence or formation of di�erent chemical species in
the metal±electrolyte interface (catholyte) during the
cathodic process; these are selectively adsorbed on
the continually renewed metal surface [8]. With the
application of pulse current techniques in nickel
electrodeposition, some new parameters are intro-
duced, which in¯uence the electrocrystallization
mechanisms and the absorption±desorption phe-
nomena occurring on the metallic surface [9, 10]. The
perturbation e�ect on the crystal growth process is

even stronger when pulse reverse current is employed,
which is mainly caused by the dissolution of metal
during the reversal of the cell polarity [11±14].
However, most of the current analyses are semi-
quantitative and have only been performed using a
Watts-type bath which is commonly used for deco-
rative industrial applications. Recently, the present
authors have successfully carried out quantitative
analysis of crystallographic texture in pulse reverse
current electroforming of nickel using a sulphamate
bath which is more common for microcomponents.
The present work aims to further examine the rela-
tionship between the crystallographic textures and
the magnetic properties of nickel deposits.

2. Experimental details

The bath composition is nickel sulphamate
330 g dm)3; nickel chloride 15 g dm)3; boric acid
30 g dm)3 and sodium dodecyl sulphate 0.2 g dm)3.
In the electrodeposition process, the electrolyte was
gently agitated using a magnetic stirrer, and the
temperature was kept at 50 � 1 °C. The initial pH of
the electrolyte was 4.2, a typical pH value used in
electroforming. The waveform of pulse reverse cur-
rent is shown in Fig. 1, and is de®ned by the positive
peak current density, ip, the negative peak current
density, in, the frequency, f, and the duty cycle Ton/
(To� +Ton). In the experiments, the deposition time,
Ton, was varied from 1.2 to 5 ms at a constant o�-
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time of 0.5 ms, and the dissolution time, To�, was
varied from 0.5 to 2.0 ms at a constant on-time of
5.0 ms. Both the positive peak current density (ip)
and the negative peak current density (in) were
24 A dm)2.

Flat stainless steel mandrels with dimensions of
100 mm � 30 mm � 1 mm were used. Before depo-
sition, they were ground using 400, 800 and 1200
graded emery papers so as to limit the epitaxial in-
¯uence on the deposit quality. Before applying pulse
reverse current, a direct current was ®rst applied for a
minute to prevent the mandrel from dissolving. The
thickness of the deposition layer of all the samples
was 50 � 0.2 lm which is thick enough to attain a
steady-state crystal growth condition [14]. The tex-
ture of the nickel deposits were measured by a Philips
X-ray di�ractometer. Three incomplete pole ®gures:
(110), (200) and (211) (with 0° < w < 70°, 0° < /
< 90°) were obtained by the back re¯ection method
at 5° increments using CuKa radiation. From the pole
®gures, orientation distribution functions (ODFs)
were calculated by the software developed by Cai and
Lee using the series expansion method [15]. The co-
ercivity was measured by a vibration sample magne-
tometer.

3. Results

3.1. Crystallographic textures and coercivity
at a constant on-time

The ODFs of the electroformed nickels at an on-time
of 5.0 ms and at o�-times of 0.5, 0.8, 1.0, 1.5 and
2.0 ms were determined and two typical examples are
shown in Fig. 2(a) and (b). Based on the ODFs, the
orientation densities of the texture components are
summarized in Table 1. Although similar textures
([100] ®bre texture) are observed at di�erent o�-
times, the orientation density of the ®bre texture is
di�erent at di�erent o�-times, as shown in Table 1.
The e�ect of o�-time on the density of the ®bre
texture is shown in Fig. 3. The density of the [100]
texture is shown to decrease when the o�-time in-
creases from 0.5 to 0.8 ms. The density then goes up
when the o�-time increases from 0.8 to 2.0 ms. The
lowest density was found to occur at an o�-time of
0.8 ms. Figure 4 shows the e�ect of o�-time on
the coercivity of electroforming nickel at a constant
on-time of 5.0 ms. The coercivity is shown to decrease
when the o�-time increases from 0.5 to 0.8 ms. The
coercivity then goes up when the o�-time increases
from 0.8 ms to 2.0 ms. The lowest coercivity was
found to occur at an o�-time of 0.8. When comparing
Fig. 3 with Fig. 4, the general trends of the curves are
found to be in reasonable agreement.

3.2. Crystallographic textures and coercivity
at a constant o�-time

The ODFs of the electroformed nickels at on-times
of 1.2, 2.0, 3.0, 4.0 and 5.0 ms and at an o�-time of
0.5 ms were determined, and two typical examples of
these are shown in Fig. 5(a) and (b). Based on the
ODFs, the orientation densities of the texture com-
ponents are summarized in Table 2. Although similar

Fig. 1. Waveform of a pulse reverse current.

Fig. 2. �-Sections (�� � 5�) of the ODF of the electroformed nickel formed at an on-time of 5.0 ms and at an o�-time of (a) 0.8 ms (b)
2.0 ms.
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textures ([1 0 0] ®bre texture) are also observed at
di�erent on-times, the orientation density of the ®ber
texture is di�erent at di�erent on-times, as shown in
Table 2. The e�ect of on-time on the density of ®bre
texture is shown in Fig. 6. The density of the [1 0 0]
texture is increases when the on-time increases from
1.2 to 3.0 ms. The density then decreases as the on-
time increases from 3.0 to 5.0 ms. The highest density
is found to occur at an on-time of 3.0 ms. Figure 7
shows the e�ect of on-time on the coercivity of
electroforming nickel at a constant o�-time of
0.5 ms. The coercivity increases when the on-time
increases from 1.2 to 3.0 ms. The density then
decreases as the on-time increases from 3.0 to 5.0 ms.
The highest density was found at an on-time of
3.0 ms. Similar to the ®ndings in section 3.1, the
general trends of the curves in Fig. 6 and Fig. 7 are
also in agreement, although a larger discrepancy is
observed.

4. Discussions

4.1. E�ect of o�-time on crystallographic texture

As discussed in [8], the change in density of the [1 0 0]
texture in nickel deposits is attributed to the change
in the amount of inhibiting chemical species under
di�erent conditions. During the on-time, both nickel
hydroxide and hydrogen are formed and partially
absorbed onto the cathode surface; this inhibits
crystal growth. However, in the present experiments,
since the longest on-time is 5.0 ms, which is not long
enough to allow substantial amount of chemical
species to be absorbed onto the cathode surface to
inhibit crystal growth, similar [1 0 0] ®bre textures are
observed in the ODFs. During the o�-time, the
cathode dissolves because of polarity reversal which
results in an increase in the amount of nickel ions and
nickel hydroxide near the cathode [8]. As a result,
during the on-time, a larger amount of nickel
hydroxide is absorbed on the cathode surface, and
the amount of nickel deposited increases. In fact, the
change of orientation density is considered to be at-
tributed to these two opposing factors. The former
one, which inhibits crystal growth, leads to a decrease
in orientation density of [1 0 0] ®bre texture, whereas
the latter factor is advantageous to the formation of
[1 0 0] ®bre texture. Figure 3 shows that the density of
the [100] texture decreases as o�-time increases from
0.5 to 0.8 ms, and the density goes up when the o�-
time increases from 0.8 to 2.0 ms. It is believed that
for a ®xed on time of 5 ms, when the o�-time is
shorter than 0.8 ms, the e�ect of the former factor is
larger than that of the latter, the orientation density
of the [1 0 0] texture will hence decrease with in-
creasing o�-time. On the other hand, when the o�-
time is above 0.8 ms, the e�ect of the increase in the
nickel deposition rate becomes dominant, which re-
sults in an increase in the density of the [1 0 0] texture
with increasing o�-time. In fact, during the on-time,
some other minor texture components such as {2 1 0},
{5 3 0} and {1 1 0} are formed. It has been reported
that the formation of these textures is due to the

Fig. 4. Coercivity of the electroformed nickel formed at a constant
on-time of 5.0 ms and at di�erent o�-times.

Fig. 3. Orientation density of the [1 0 0] texture of the electro-
formed nickel formed at a constant on-time of 5.0 ms and at dif-
ferent o�-times.

Table 1. Main texture components of the electroformed nickel

formed at a constant on-time of 5 ms and at di�erent o�-times

O�-time/ms Components Orientation density

0.5 ®bre texture {100} 15.30

{221}h562i 1.11

0.8 ®bre texture {100} 12.82

{530}h354i 1.28

{552}h115i 1.36

1.0 ®bre texture {100} 13.11

{120}h212i 1.84

{210}h001i 1.83

{101}h111i 1.39

1.5 ®bre texture {100} 16.31

{530}h357i 1.88

{113}h121i 1.75

2.0 ®bre texture {100} 16.38

{120}h212i 2.01

{552}h115i 1.97

{552}h110i 1.67
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presence of nickel hydroxide and hydrogen being
absorbed on the cathode surface [7].

4.2. E�ect of on-time on crystallographic texture

At a constant o�-time, an increase in on-time is
shown to a�ect the amount of nickel hydroxide and
hydrogen, but to have little e�ect on the deposition
rate during on-time. At the metal±cathode interface,
the nickel hydroxide, which is usually produced
during o�-time, is ionized as follows:

Ni(OH)2 � Ni2� � 2OHÿ

and OHÿ migrates towards the anode. The amount of
nickel hydroxide is therefore reduced. On the other
hand, the amount of hydrogen increases with in-
creasing on-time [8]. The change in orientation den-
sity is therefore related to these two competing

factors. It is believed that when the on-time is less
than 3.0 ms, the e�ect of the decrease in the amount
of nickel hydroxide absorbed on the cathode surface
is larger than that of the increase in the amount of
hydrogen. The orientation density of the [100] ®bre
texture therefore increases with increasing on-time.
However, when the on-time is above 3.0 ms, the in-
creases in hydrogen plays a more important role in
inhibiting crystal growth and the orientation density
of the [1 0 0] ®bre texture decreases with increasing
on-time.

4.3. Relationship between crystallographic texture
and coercivity

To illustrate better the relationship between coerci-
vity and crystallographic textures of electroformed
nickel, a coercivity against orientation density of the
[1 0 0] texture curve was further constructed and is
shown in Fig. 8. It was found that the coercivity

Fig. 5. �-Sections (�� � 5�) of the ODF of the electroformed nickel formed at an o�-time of 5.0 ms and at an on-time of (a) 5.0 ms and
(b) 3.0 ms.

Fig. 6. Orientation density of the [1 0 0] texture of the electro-
formed nickel formed at a constant o�-time of 0.5 ms and at dif-
ferent on-times.

Table 2. Main texture components of the electroformed nickel formed

at a constant o�-time of 0.5ms and at di�erent on-times

On-time/ms Components Orientation density

1.2 ®bre texture {100} 16.60

{201}h142i 2.22

{122}h641i 3.47

{110}h112i 2.79

{113}h110i 4.48

{210}h120i 1.86

2.0 ®bre texture {100} 18.60

{305}h573i 1.88

3.0 ®bre texture {100} 19.63

{530}h351i 1.42

{102}h221i 1.54

4.0 ®bre texture {100} 18.65

{407}h734i 1.18

5.0 ®bre texture{100} 15.30

{221}h562i 1.11
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increases with the increase in the density of the [1 0 0]
®bre texture at the same deposition thickness. This
®nding is of high signi®cance as it is now more fea-
sible to produce a nickel deposit with a de®ned
magnetic property through the control of the crys-
tallographic texture. However, in the present analy-
sis, the spread of the ®bre texture and the e�ect of
minor texture components have not been taken into
consideration, which may explain the discrepancies
observed in the results.

5. Conclusions

Di�erent orientation densities of the [1 0 0] ®bre
texture were observed at di�erent on-times and o�-
times. The change in orientation density of the [1 0 0]
®bre texture is considered to be related to the change
in the amount of inhibiting chemical species. In
general, the measured coercivity is found to increase
with increase in orientation density of the [1 0 0] ®bre
texture at the same deposition thickness. It is con-
sidered that the spread of the ®bre texture and the
e�ect of minor texture components have to be taken
into consideration so that their relationship can be
better understood.
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