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A texture formation mechanism during 
electrodeposition 
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The texture of electrodeposited iron foil has been measured. It was observed that the 
deposited iron foil had a {1 1 0} (uvw> type texture. If a sufficiently strong magnetic field was 
applied along the deposited layer during the deposition process, a {1 1 0} (001~  texture 
developed from the initial {1 1 0} (uvw)  texture, with the ( 0 0 1 ~  axis parallel to the direction 
of the applied field. An attempt has been made to explain the mechanism of texture 
development, as well as the effect of the magnetic field during the deposition process. 

1. Introduct ion 
Iron is one of the most important soft ferromagnetic 
materials, Various types of apparatus use iron in the 
form of thin laminations. Certain textures are benefi- 
cial to magnetic properties of iron sheets. However, in 
view of both capital and production costs in conven- 
tional manufacturing, efforts have been made to estab- 
lish different methods of producing iron sheets or foils. 

Much research has been performed on elec- 
trodeposited iron foils [-1-9]. It was found that when 
the electrodeposition was carried out in a magnetic 
field, the iron foil formed exhibited a magnetic aniso- 
tropy which was caused by a certain texture [9]. The 
magnetic anisotropy is of great importance to mag- 
netic materials. It is believed that the texture is intro- 
duced to minimize the magnetization energy in this 
process. But why and how the texture is formed and 
which parameters influence the process are unknown. 
It was suggested that the texture was the result of 
magnetostriction [10]. However, the difference of 
strain energies of differently oriented grains caused by 
magnetostriction is two orders of magnitude lower 
than the difference between their magnetocrystalline 
energies. Thus, the magnetostriction should not be the 
major factor dictating the formation of texture and 
further study is therefore needed. 

In addition, we have demonstrated that the texture 
formed in electrodeposited iron foil without the appli- 
ed magnetic field is a fibre type { 110} (u  v w) texture. 
This texture is not related to the magnetic field at all. 
Its texture development mechanism is also unclear. 

In the present paper, we have determined the tex- 
ture formed in electrodeposited iron foils with and 
without magnetic field, and suggested a model which 
can be used to explain the development of textt~re 
during the electrodeposition as well as the role of the 
magnetic field. 

2. Experimental procedure 
The production of electrodeposited iron foils has been 

described in detail elsewhere [9]. The specimens we 
used were 0.28 and 0.14 mm thick. They were mechan- 
ically polished and etched to remove strained layers 
with a solution composed of 15% HF and 85% 
H20 > A Siemens diffractometer was used to measure 
their textures on both sides of the specimens. The 
shape and size of grains at the cross-sections of the 
specimens were analysed using optical metallographic 
techniques. 

3. Results 
Pole figures of both sides of three specimens have been 
measured. Specimen C was electrodeposited on a 
substrate of stainless steel plate. The specimen was 
0.28 mm thick. Specimens A and B were electrodeposi- 
ted on the same type of substrates in a magnetic field 
of 132000 A m-  ~ applied in the plane of the deposited 
layer along the longitudinal direction of sample A and 
the transverse direction of sample B, respectively. 
Thicknesses of A and B were 0.28 and 0.14mm, 
respectively. Pole figures of C (Fig. la) show that the 
specimen has a {110} (uvw) fibre texture. The tex- 
ture develops quickly once the deposition takes place. 
This can be seen from Fig. l a on the bottom s{de of 
sample C; a {110} (u  v w) texture has already formed. 
For specimen A which was formed in a magnetic field, 
its bottom side also shows a {110} (uvw) texture 
(see Fig. lb). However, another component of texture, 
{110} ( 0 0 1 )  texture, has started to form. On the 
upper side, the {110} ( 0 0 1 )  texture with the ( 0 0 1 )  
axis parallel to the magnetic field is well developed. 
Sample B reveals similar textures (Fig. lc). On the 
bottom side, a {110} (uvw) texture has already 
formed and with an increase in the thickness, a { 110} 
( 0 0 1 )  texture gradually develops with the ( 0 0 1 )  
axis parallel to the magnetic field parallel to the 
transverse direction of sample B. From the above 
measurements, one can conclude that the {110} 
(u v w) type texture develops first and its development 
is completed at a short distance from the bottom side. 
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Figure 1 (a) Pole figures of sample C electrodeposited on a substrate of stainless steel. In the sample, a { 1 1 0} ' u v w) fibre texture was formed. 
Sample C is 0.28 m m  thick. (b) Pole figures of sample A which was deposited in a magnetic field of 132 000 A m-1 .  On the bot tom side, 
a { 1 1 0} ( u v w) fibre texture exists and the { 1 1 0} ( 0 0 1 ) texture starts to form with the ( 0 0 1) axis parallel to the field. On  the upper side, the 
{ 1 1 0} ,. 0 0 1) texture is well developed. Sample A is 0.28 mm thick. (c) Pole figures of sample B deposited in a magnetic field of 132 000 A m - 1 
which was parallel to the transverse direction of the sample. A {1 1 0} ~, u v w) fibre texture was formed and on the upper side, a weak {1 1 0} 
' 0 0  1) texture component  can be seen. The sample is 0.14 mm thick. 

If a magnetic field is applied in the plane of the 
deposited layer during the deposition process, a { 11 0} 
( 0 0  1) texture will develop gradually from the ini- 
tially formed { 1 10} { u v w) texture which dominates 
the layers close to the substrate. This phenomenon can 
be observed by comparing the pole figures of samples 
A and B measured on the upper side layer. On the 
bottom sides of both samples A and B, {1 10} 
{u v w) type texture has already formed. On the upper 
side of sample A, the {1 10} {0 0 1) texture has re- 
placed the {1 1 0} {uvw) texture, while on the upper 
side of sample B, which is only half the thickness of 
sample A, the {t 1 0} ~00 1) component is weak. 

The microstructures at cross-sections of all speci- 
mens were studied with an optical microscope. Fig. 2 
shows the cross-section of sample C. There is a large 
number of fine grains on the bottom side. As the 
thickness increases and exceeds 0.02 mm, the grains 
become bigger and longer, and consequently the num- 
ber of grains decreases. On the bottom of the speci- 
men, there is competition between the differently 

Figure 2 Microstructure of the cross-section of sample C. 

oriented grains. Some grow continuously (Fig. 3) and 
others are prevented from growing by more com- 
petitive neighbouring grains. According to our texture 
measurements, the faster growing grains are those 
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Figure 4 Schematic view of the cross-section of two neighbouring 
grains. 

Figure 3 Microstructure of the cross-section of sample C (x 1250) 
showing that as the thickness of the foil increases, certain grains are 
covered by neighbouring grains. 

having {1 1 0} crystallographic planes parallel to the 
foil surface. From the point of view of thermodynam- 
ics, the energy introduced by the growth of grains with 
{1 1 0} planes parallel to the foil surface must be lower 
than that introduced by the growth 
of other grains. Samples A and B were also 
analysed. They have microstructures similar to that of 
sample C. 

4. The model of texture 
development and discussion 
of results 

The mechanism of the formation of {1 1 0} (uvw) 
fibre texture is not clear. Because the iron nucleates on 
the substrate, it is reasonable to consider two possible 
reasons for the formation of {1 10} (uvw) texture: 
one is the influence of the substrate and another the 
selected grain growth related to the surface energy. 

The substrate might influence the nucleation in the 
iron foil at the beginning of the deposition process, 
because grains of the substrate might generate nuclei 
of such orientation which satisfies the condition of 
minimum interfacial energy. This type of texture 
should inherit certain characteristics from the sub- 
strate. For instance, the texture formed in the iron foil 
should have the same symmetry as the texture in the 
substrate. In our case, the substrate is a stainless steel 
plate in which a typical texture is {1 1 1} (2  1 1) [11]. 
However, in the deposited iron foil, the { 1 1 0} planes 
are aligned parallel to the foil surface but the grain 
orientation exhibits axial symmetry which does not 
reflect the texture symmetry in the substrate of stain- 
less steel at all. Therefore, we can conclude that the 
texture in the deposited iron foil is not induced by the 
texture of the substrate. This influence of the substrate 
might be a good reason in the nucleation stage at the 
beginning of the deposition process, but it is not 
applicable in the grain growth stage which plays a 
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Figure5 Schematic illustration of the formation of a grain 
boundary in the deposition process. The boundary bends to reach 
the equilibrium state. 

decisive role in the formation of the {1 1 0} (u  v w) 
texture. 

The surface energy could also be responsible for the 
formation of the {1 1 0} (uvw) texture. It is known 
that this energy is the main parameter controlling 
grain growth [12-14]. A well-known equilibrium con- 
dition is [12] 

7B -- 7A cosq~ - (1) 
YAB 

where 7A and % are surface energies of two neigh- 
bouring grains, and 7AB is the interfacial energy of the 
grain boundary between them (see Fig. 4). If YB > 7A, 
the equilibrium state requires q~ < re/2, which makes 
grain A grow preferentially. Equation 1 a l so  de- 
scribes the equilibrium conditions for grain growth in 
the deposition process. Fig. 5 schematically illustrates 
changes which occur at various stages of grain growth. 
Consider a case where two neighbouring grains are in 
a non-equilibrium state and suppose that 
(P > COS- l[(]tB -- •A)/TAB]" When iron ions arrive in 
the vicinity of the junction where surfaces A and B and 
the grain boundary AB meet, the deposited ion will 
settle so that the equilibrium state is achieved. There- 
fore, with increasing thickness of the foil, the angle q~ 
will decrease until it reaches the equilibrium angle 



given by Equation. 1. In this process, the junction 
moves towards the grain with higher surface energy, 
?a, and consequently the newly formed segment of the 
grain boundary AB is bent (Fig. 5). In consequence, 
the grain with the higher surface energy, ?'B, will 
gradually be covered by the grain with the lower 
surface energy, 7A, as the thickness of the foil increases, 
i.e. the grain with the lower surface energy grows 
preferentially, The surface energies of different crystal- 
lographical planes of iron and the interfacial energy of 
the grain boundary, derive from the theoretical calcu- 
lation and the experimental work [15, 16]. Of all the 
crystallographic planes of iron, the { 1 1 0} plane has 
the lowest surface energy. The average value of the 
difference between the surface energies of the { 1 1 0} 
plane, and the {h k l} plane can be estimated according 
to the previous work [15, 16]. Therefore, the average 
q0 can be evaluated using Equation 1 as equal to 64 ~ 
With this equilibrium angle, the grain having the 
{1 10} crystallographical plane parallel to the foil 
surface grows and expands until it meets similar type 
grains which are nearby and grow similarly. Con- 
sequently, grains between them are covered (Fig. 3: 
grain 1 is covered by grains 2 and 3). The grains which 
are very small at the beginning of the deposition can 
easily be covered by the {1 10} (uvw)  type grains. 
This process is almost completed within a layer about 
0.02 mm thick (Fig. 2). This is the reason why, on the 
bottom side of the iron foils, the {1 10} (uvw)  type 
texture is already well developed. Once the {110} 
(uvw)  grains are dominant, grain boundaries be- 
come straighter and longer, because there is no differ- 
ence in surface energies between (110} (u  v w) grains. 

The lowest surface energy of the { 1 10} planes leads 
to a { 110} (u  v w) type texture, but when a magnetic 
field is applied along the direction parallel to the 
surface of the deposited layer, a {1 10} ( 0 0 1 )  texture 
develops. 

The competition between differently oriented grains 
in the magnetic field is attributed to differences in their 
magnetic energies, in addition to differences of their 
surface energies analysed earlier. Different grain mag- 
netic energies are attributed to two components, the 
magnetocrystalline anisotropy and the magnetostric- 
tion anisotropy. The former represents the difference 
in magnetization energies between different crystallo- 
graphic directions of a crystal. The latter refers to 
differences in the state of strain in the external mag- 
netic field [17]. The difference in magnetocrystalline 
energies between differently oriented grains is about 
105 ergcm -3, (10 .7 erg = 1 J) while the difference of 
the strain energies is 102-103 erg cm-a. We can there- 
fore neglect the magnetostriction and only consider 
the magnetocrystalline anisotropy which, for cubic 
crystals, is expressed as [17] 

2 2 2 2 2 2 2 Ea = KI (~ :~  2 + ~2~3 + ~3~z) + Kz(~1~2~3) 
(2) 

where el, ~2 and ~3 are direction cosines of the angles 
between the direction of magnetization and the three 
axes of the crystal reference frame. K~ and K2 are the 
magnetocrystalline anisotropy constants. For iron, 
( 0 0 1 )  axis is the easy magnetization axis. The free 

energy is the lowest if the magnetic field is parallel to 
the easy axis of the iron crystal. Grains having lower 
free energies can grow in the deposition process faster 
than those having higher free energies. In our case, the 
competition between differently oriented grains de- 
pends upon both the free energy and the surface- 
energy. 

To determine how the texture develops as a result of 
this competition, let us first consider a bicrystal in a 
magnetic field (Fig. 6). Volumetric free energies related 
to the magnetocrystalline anisotropy, of crystals 1 and 
2 are different. Suppose f l  < f2; according to the law of 
thermodynamics, crystal 1 will grow by consuming 
crystal 2 and the free energy of the whole system will 
decrease. Let crystal 1 increase its volume by 
d V = dl dS, here dS represents an area of grain bound- 
ary which moves a distance of dl. The change in the 
free energy of crystal 1 will be (f2 - f l )  dV. If we 
assume that there is a pressure, P, which is responsible 

�9 for the grain-boundary movement, the work needed 
t o  increase the grain volume can be expressed as 
(P dS)dl which should be equal to the change of the 
free energy, that is 

(P dS)d /=  ([2 - ft)  d v  
= AfdS dl (3) 

We thus obtain 

P = Af = U 2 - f  l) (4) 

This means that the driving force for the grain-bound- 
ary migration is due to the difference of free energies 
and can be described by a pressure, P. 

As mentioned earlier in the discussion of the elec- 
trodeposition of iron foil, the equilibrium anglel % 
given by Equation 1 is reached when the surface 
energies and the interfacial energy of the grain bound- 
ary are in equilibrium. When a magnetic field is 
applied, the pressure, P, acting on the grain boundary 
must be considered. Fig. 7 illustrates the equilibrium 
state when the surface energy, '/a and 7~, grain bound- 
ary energy, YAB, and the pressure, P, from the magne- 
tocrystalline anisotropy are involved. Once the field is 
applied, the pressure, P, makes the grain boundary 
tend to bend. The larger is the difference in the 
magnetization energy, i.e. the larger is the pressure, P, 
the greater is the tendency of bending. Fig. 7 shows 
that because of pressure, P, the direction of the grain- 
boundary tension, i.e. ~/AB~ tends to deviate from its 

d/ 

dS 

Figure 6 A bicrystal in a magnetic field. Suppose the magnetic free 
energy per volume of crystal 1 is smaller than that of crystal 2 due to 
the magnetocrystalline anisotropy, a pressure, P, exists and pushes 
the grain boundary to move towards crystal 2. 
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Figure 7 In a magnetic field, equilibrium is reached when the 
surface energy, ?'A and ~B, the interfacial energy of grain boundary, 
~AB, and the pressure, P, are in equilibrium. 

original direction by an angle ~o. If we breakdown TAB 
into two components, 7'AB = TAB( cost0 + sincoctgq~) 
and A?B =TAB sinc0/sinq~, which are respectively par- 
allel to the original direction of 7An and that of ? ,  and 
then substitute into Equation 1 7B + ATB for % and 
7'AB for ~'AR, the equilibrium equation for the surface 
energy, the grain-boundary energy and the magnetic 
free energy are obtained, thus 

COS(D = [(TB ~- A'YB) - -  'YA]/~/AB 

= [(7. - 7A)/TAB + sinco/sinq~]/ 

(cosco + sincoctgq~) (5a) 

and 

sinco = L(P/27A,) (5b) 

where L is the length of the grain, q~ is the angle 
between the grain boundary and the surface A (Fig. 7). 

The surface energy and the magnetic free energy are 
two independent parameters. Whether the magnetic 
field is applied or not, the {110} crystallographic 
plane which has the lowest surface energy is always 
parallel to the sample surface. On the other hand, the 
orientation of grains having {110} planes parallel to 
the specimen surface is only influenced by the mag- 
netic field. When a magnetic field is applied, those 
{110} @vw) grains, which have their easy magnet- 
ization axes ( 0 0 1 )  parallel to the field will grow 
preferentially. 

Numerical evaluation of an average equilibrium 
angle, % between the {110} (u v w) grain and grains 
which are randomly oriented, and that exist be- 
tween a { 110} ( 0 0 1 )  grain and grains having ran- 
dom orientations, has been made using Equation 5. In 
this evaluation the average value of the difference in 
surface energies between {110} (uvw) grains and 
randomly oriented grains, as well as that of the mag- 
netic free energies between {110} ( 0 0 1 )  grains and 
randomly oriented grains, are estimated using avail- 
able experimental data and theoretical calculations 
[t5, 17]. Results have been schematically illustrated in 
Fig. 8. 

Fig. 8a represents the angle q~ between the {110} 
(uvw) grain and other types of grains versus the 
grain length. In the same figure, q~ between the { 110} 
( 0 0 1 )  grain and other grains in a magnetic field 
strong enough to saturate the specimen, is also pre- 
sented. There is no significant difference between these 
two curves When the grain length is less than 0.03 mm. 
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Figure8 (a) ( + ) The average angle, dO, between the {110} (uvw) 
grain and other grains, (D) ~p between a {110} (001) grain and 
others, versus the grain length in a magnetic field strong enough to 
saturate the iron. (b) The angle q~ between {110} ( 001)  grains and 
{ 110} (u v w) grains as a function of the grain length. 

Fig. 8b shows q~ between {110} ( 0 0 1 )  and {110} 
(uvw) grains with the grain length. It can be seen 
from the figure that at the beginning of the deposition, 
q0 between {110} ( 0 0 1 )  and {110} (uvw) grains is 
90 ~ which implies that these two types of grain have 
equal growth rates. With increasing grain length, 
q~ decreases. As a result, {110} ( 0 0 1 )  g ra ins  
grow faster and the { 110} ( 0 0 1 )  texture becomes 
stronger and dominates the {110} (uvw) texture. 
According to Fig. 8a and b, at the beginning of the 
deposition in a magnetic field th e {110} (uvw) type 
grains including { 110} ( 0 0 1 )  grains having q~ = 64 ~ 
grow and cover other grains rather quickly. With 
increasing grain length, the growth of { 110} ( 0 0 1 )  
grains becomes faster than other {110} (u  v w) grains 
and, in consequence, the {110} ( 0 0 1 )  texture devel- 
ops. Therefore, it is understandable that in the experi- 
ment we observed the {110} (u  v w) texture close to 
the substrate, while on the upper side of the specimen the 
{110} ( 0 0 1 )  texture showed up (Fig. lb). At the 
beginning of deposition, the grain length, L, is small 
and therefore the influence of magnetic field is small 
(Equation 5). In our experiment we can see that the 
development of { 110} ( 0 0 1 )  texture is initially slow 
and becomes faster as the thickness of the iron foil 
increases, i.e. comparing Fig. lc and b we see that the 



{ l 1 0} (0  0 1) texture is very weak in sample B (thick- 
ness 0.14mm) while sample A, whose thickness is 
twice that of sample B, has a stronger { 1 1 0} (0  0 1) 
texture. 

It should be pointed out that evaluation of the 
equilibrium angle, q~, is not accurate because the 
surface energy possibly changes in the electrolyte dur- 
ing the electrodeposition process. Also the experi- 
mental data on the surface energy of iron are limited. 
In order to obtain a better understanding of the 
process, further research on the surface energy in this 
specific case is needed. 

5. C o n c l u s i o n  
The electrodeposited iron foil has a {1 1 0} (u v w) type 
texture. This texture might be attributed to the lowest 
surface energy of { 1 1 0} crystallographical planes of 
iron. If a magnetic field is applied parallel to the 
surface of the deposit during the deposition process, a 
{110} (00 1) texture develops with the (001) axis para- 
llel to the direction of the applied magnetic field. In 
this Case, both the surface energy and the magnetic free 
energy are responsible for the development of the 
texture. 
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