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Recovery and recrystallization of electrodeposited
bright copper coatings at room temperature. II. X-ray
investigation of primary recrystallization
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X-ray investigations of the recrystallization processes occurring at room temperature in electro-
deposited bright copper coatings were carried out in situ. As a result of the orientation transform-
ation of the growth texture with (311}, {111) and <110) components, a recrystallization texture
with (1003, {110} and (111} components was obtained. It was established that one of the factors
which influence the microhardness of copper coatings is the orientation distribution of crystallites.

1. Intreduction

Generally, primary recrystallization is initiated
by thermal activation [1, 2]. However, Cook and
Richards have observed recovery and recrystal-
lization of pure, highly conductive copper at
room temperature [3]. Recrystallization at room
temperature has also been found for copper and
other metals by Megaw and Stokes [4].

Recrystallization of metallic materials is
always accompanied by a change in their physi-
cal and mechanical properties [1-4]. In many
cases, however, it has been found that an
orientation relationship exists between the new
grains and the grains of the deformed matrix
from which they grow [1-3, 5-14].

The aim of the present paper is to investigate
the orientation transformations between the
growth texture produced during the electro-
deposition of copper coatings and its resultant
recrystallization texture. An attempt is made
to estimate the effect of recrystallization on
the microhardness of electrodeposited copper
coatings.

2. Expressing volume fractions of texture
components in ideal directions

For the qualitative as well as for the quantitative
estimation of the textures it is necessary to
measure experimentally their pole figures. In the
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case of a multicomponent texture, the different
texture components <A k /> can be quantitatively
estimated by the volume fractions M,,,. If the
textures are sharp, M, ,,can be determined using
the method developed by Tomov and Bunge
[15]. This method is not convenient, however,
for characterizing ‘smeared out’ fibre textures.
In this case it is appropriate to use the method of
Harris [16], which allows the inverse pole figure
to be calculated. The value R,,, of the inverse
pole figure in the Ak direction is expressed by
the equation

1 1 1
R — hkl / - hkl 1
it i) | m k1 oxn), M

where 1, is the experimentally measured inten-
sity of the reflections, {hkl), of the textured
sample; n is the total number of reflections
measured; (Z,,,), is the reflection intensity of a
random sample of the same material.

If the assumption is made that only crystal-
lites with orientations in the experimentally
measured directions occur, then the volume frac-
tions M,,, of the respective components can be
expressed by the values R,,;:

thl = 5 (2)
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3. Sample preparation

The conditions of bright copper coating electro-
deposition have already been described in [17].
These coatings represent fibre textures. The
present work examined the recrystallization of
samples with rapidly (number 162) and slowly
(number 163) falling microhardness.

4. Experimental technique

Pole figures P,;, (¢) were measured by using a
texture goniometer in the reflection mode with
CoKua-radiation. The intensities [,,, were
measured by means of an X-ray diffractometer
with CoKf-radiation monochromatized with a
curved crystal monochromator.*

The establishing of the initial moment of
recrystallization as well as the visual control of
the continuing process were carried out using a
small Debye-Scherrer camera with an asymmetri-
cally located film. The sample studied was
8 x 8mm and 140 um thick. The diagram of
the experiment in the Debye-Scherrer camera
(diagram of back reflection) is presented in Fig. 1.
The direction of the initial beam SO coincides
with the fibre axis F (normal to the copper coat-
ing surface). The normal N to the reflecting
planes {100} divides the diffraction angle
(180 — 26°)in half. The angle ¢ (SON) is formed

copper foil

Fig. 1. Back reflection diagram in Debye-Scherrer camera. S,
focus of X-ray tube; F, fibre axis; SO, initial X-ray beam;
OP, diffracted X-ray beam; d,y, interplanary distance 400;
N, normal to the reflecting planes; 26, diffraction angle; ¢,
angle between the fibre axis and the normal to the reflecting
plane.

* The X-ray experiments for determining the microdefor-
mations, apparent crystallite size (see [17]) and inverse
pole figures were carried out simultaneously. In all cases
CoKp-radiation was used.

by the fibre axis F and the normal N. The connec-
tion between Bragg angle 6 and angle ¢ can easily
be found from the equation

¢ = 90° — 0 €)

CoKu-radiation monochromatized with a flat
crystal monochromator was employed. The
exposure lasted 3h. The photographic film was
changed daily in the course of the investigation,
with due care taken to avoid disturbing the cop-
per sample. Thus the study of one and the same
sample volume was ensured during the entire
process of recrystallization.

Samples 35 x 35mm and 140 um thick were
measured with a texture goniometer and X-ray
diffractometer.

5. Experimental results and discussion

5.1. Identification of recrystallization texture
component {100

The initiation of recrystallization texture and, in
particular, the <{100> component becomes
evident from the investigations performed by
X-ray photographic registration. By using the
scheme in Fig. 1 for taking X-ray pictures, Debye
rings 400, 222 and 311 can be registered (Fig. 2).
The crystallites, whose (100> planes join at
an angle of § = 82.2°, reflect the Debye ring
400 (Fig. 1). Their crystallographic axes {100)
are parallel to the normal N and according to
Equation 3 they join wtih the fibre axis F at an
angle of ¢ = 7.8°. Therefore these crystallites
belong to the <100) texture component regard-
less of the fact that their {100} axes divert 7.8°
from the ideal position of the (100> component.
The Debye ring 400 of sample number 162, regis-
tered on the first day after electrodeposition, is
stongly diffused (Fig. 2a). It is located at a Bragg
angle of 8 = 82.2°, where the microdeformation
contribution to its broadening is rather consider-
able. At equal microdeformations the ring 400
would be about 4.5 times more diffused in the
radial direction than its neighbouring ring 222.
When a sharp black spot appears on the diffuse
ring 400, it is due to the recrystallization grain
belonging to the (100> texture component. The
sharpness of the spot is due to the lattice perfec-
tion of the recrystallization grain. The number of
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Fig. 2. X-ray pictures taken using the Debye-Scherrer cam-
era with back reflection mode (CoKa-radiation, flat crystal
monochromator). Debye rings 311, 222 and 400 are regis-
tered. Difuse ring 400 is due to strained crystal matrix. The
sharp black spots are due to recrystallized crystallites.

recrystallization grains with {100) orientation
increases continuously, uniformly filling the
whole 400 ring. Finally, it can be observed (Fig.
2e) that lines 222 and 311 also become spotty,
indicating that the entire or the greater part of the
deformed matrix is consumed by recrystallized
grains.

During the entire period of recrystallization
study in the Debye-Scherrer camera, the primary
X-ray beam was incident on only one spot of the
sample. Information about the recrystallization
proceeding in the copper sample bulk was
acquired by determining the spot size and the
effective depth of X-ray penetration. The results
recorded could in no way be influenced by
ambient effects and can be due to grains situated
both on the surface and in the bulk of the sample.
Observed by means of an optical microscope,

etching can essentially change the consequent
course of recrystallization, as indicated by
Brucke and Turnbull [1]. In this sense the method
used seems to be similar to electron microscopy;
however being absolutely selective, it allows
the observation only of the grains which have
recrystallized. Another advantage is that the
recrystallization process is studied in situ.

For sample number 162 the presence of recrys-
tallized grains was established on the second day
after electrodeposition (see Fig. 2b). On sample
number 163 recrystallized grains were observed
on the seventh day after electrodeposition. More-
over, their number, as compared to the number of
grains in sample number 162, increased consider-
ably more slowly with time.

5.2. Qualitative texture investigation

Qualitative information about the texture was
obtained by measuring pole figures {111}, {100},
{110} and {311}. The pole figures given in Fig. 3
were measured on the first day after electro-
deposition of sample number 163 when its
microhardness was about 235 HV. The texture is
smeared out, but the presence of components
(311>, {111) and to a lesser extent <110}, is
evident. After a certain period, at a sample
microhardness of approximately 140 HV, three
texture components, i.e. (100>, (110> and
{111} are also observed. As a result of the
orientation recrystallization, texture component
¢{311) has completely disappeared. Sample
number 162, in the microhardness interval
240-140HV, manifests texture and changes
similar to sample number 163. On the pole
figures P,y () (Figs 3, 4) are dotted the angle
intervals within which the crystallites reflecting
in Debye ring 400 contribute (Fig. 2). This affir-
mation follows from Equation 3. It is seen from
the pole figure that these grains belong to the
{110 texture component. Abrupt transitions in
the pole distribution in Figs 3 and 4 are due to
separate crystallites becoming recrystallized to
considerable sizes.

5.3. Dependence of microhardness on
orientation distribution

From the pictures obtained with the Debye-
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Fig. 3. Pole figures {111}, {100}, {110} and {311} of copper foils obtained by plating. Main texture components are (311>
and (111}; the <110> component is also observed. The dotted line on angle ¢ = 7.8° marks the region where crystallites

of component (100> reflect, reflecting also the Debye ring 400.
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Fig. 4. Pole figures {111}, {100}, {110} and {311}. The texture components of the recrystallized texture are observed. The

dotted line on angle ¢ = 7.8° (see Py (¢)) marks the region where crystallites of component {100) reflect, reflecting also
the Debye ring 400.
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Fig. 5. Change of volume fractions M, of texture components (111}, (100>, {110} and (311} with time. (a) Sample with
rapidly falling microhardness (number 162). (b) Sample with slowly falling microhardness (number 163).

Scherrer camera, the appearance of recrystal-
lization texture component (100> becomes
evident (Fig. 2), and a rough idea of the texture
changes is gained from the qualitative investi-
gations. However, fuller information on the
structural changes occurring in the sample is not
obtained. An estimation of the latter can be
made if the change in the volume fractions M,

of the ideal positions {4k is followed in time.
This change in M,,,is a quantitative character-
istic of the orientation changes proceeding with
time. The transformation changes presented in
Fig. 5a, b for both samples (numbers 162 and
163) show that the recrystallization processes are
essentially similar. An invariable phenomenon
in both cases is that M;;, and M,;, decrease,
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Fig. 6. Change in the sum of volume fractions M ! (curve 1) of decreasing components {311, {111} and microhardness HV
(curve 2) with time. (a) Sample with rapidly falling microhardness (number 162). (b) Sample with slowly falling microhard-

ness (number 163).

while M, and M,,, increase. The rates of the
orientation changes are different. For sample
number 162 a noticeable change in M,,, was
observed after the second or third day, the
process being completed by about the tenth day.
In sample number 163 the changes started after
the tenth day and continued to about the 100th
day.

The dependence of the sum of the volume
fractions M" of decreasing texture components
with time for both samples is presented in Fig.

6a, b.
M = M, + M, @

where i is the day when the measurement was
made, i.e. 0, 1, 2, 3 and so on. In both cases the
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decrease in M’ with time is accompanied by a
similar course of the curves of sample micro-
hardness (the microhardness data are taken
from [17]). The contribution of the (311> and
(111> components with their volume fractions
M;,; and M, to the microhardness of the cop-
per coatings is unambiguous. However, the
microdeformations and the small apparent crys-
tallite sizes are also responsible for the high
microhardness. Moreover, it should be noted

AMhM1
0.4}
0.3}

0.2}

that (311 and {111) components are built of
crystallites with considerably deformed lattices,
while the crystallites of the newly appearing
components (100> have quite small micro-
deformations of the crystal lattice.

5.4. Texture transformations during primary
recrystallization

It was already established that during primary
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Fig. 7. Orientation relationships during recrystallization process: absolute change of the volume fractions M, ., of texture
components {1113, {100>, {110}, and <311) depending on time. (a) Sample with rapidly falling microhardness (number
162). (b) Sample with slowly falling microhardness (number 163).
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recrystallization some of the growth texture
components disappear and new components of
the recrystallization texture appear. A study of
the texture transformations during recrystalliz-
ation could provide more complete information
for the orientation relationship observed. An
estimation of the texture transformations, i.e.
the transition of one orientation into another,
could be made from the absolute change in the
volume fractions, AM,,,, of the respective com-
ponents

AM;;kI = Mlikl - Mi(z)kl (5)

Fig. 7a, b presents these dependencies for sample
numbers 162 and 163, respectively. It is evident
that as a result of recrystallization, the crystal-
lites of the (311> growth texture component
obtain a new orientation {(100>. At the same
time, the volume fraction of the {110} com-
ponent also increases. This increase corresponds
approximately to the decrease in the <111}
component. This supports the assumption that
deformed crystallites with (111> orientation
recrystallize into grains with (110} orientation.

It should be noted that the limited number of
directions measured is a shortcoming of the
experiment. It is limited by the wavelength of
X-ray radiation used — the longer the
wavelength, the smaller number of directions
which could be measured. The error due to the
small number of directions measured would
influence the gradient of the curves, but would
not change the direction of their course. More-
over, it must be noted that the orientations
{1003, (110, and (311> were reason-
ably chosen. It is evident from the pole figures
(Figs 3, 4) that orientation changes do occur in
these directions. Thus, regardless of the fact that
the results for the volume fractions of the ideal
positions are semi-quantitative, they are suf-
ficient for the conclusions made.

Conclusion
X-ray investigations in situ were carried out to

study the recrystallization process in electro-
deposited bright copper coatings at room tem-

perature. The growth texture is smeared out and
has three components, i.e. (311>, {111> and
{110>. The components of the recrystallization
texture are (100>, (110> and {111).

It is established that one of the factors influ-
encing the microhardness is the orientation dis-
tribution of crystallites. The presence of (311>
and (111> components favours high micro-
hardness, while the recrystallization component
(100> contributes to the decrease in micro-
hardness.

Semi-quantitative investigations of the
orientation transformations between the growth
texture and the recrystallization texture were
carried out. It was found that the main texture
component {311 of the growth texture disap-
pears and the recrystallization component {100}
appears. The assumption is made that part of the
{111} growth texture component is transformed
into the 110> component of the recrystalliz-
ation texture.
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