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Abstract. The formation of a recrystallization texture is closely related to the nucleation and
growth of recrystallizing grains, which may vary from grain to grain. Cube texture is a commonly
observed recrystallization texture in face centered cubic metals of medium to high stacking fault
energy after heavy cold-rolling and annealing. In this work, recrystallization of pure copper
cold-rolled to a von Mises strain of 2.7 was investigated in situ using three-dimensional X-ray
diffraction. Growth curves of 835 grains were determined, and the curves of cube and noncube
grains were compared. It was found that the nucleation times of cube grains and non-cube
grains were similar, whereas the growth rates of a few but not all cube grains were high. Effects
hereof for the development of the cube texture were discussed.

1. Introduction

Recrystallization kinetics and formation of a strong cube texture in heavily cold-rolled face
centered cubic metals have been extensively studied both experimentally and theoretically
(e.g. [1-4]). Most experimental studies of recrystallization kinetics are based on a series of
partially recrystallized samples characterized by optical or electron microscopy (e.g. [5]).
More recently, 3D X-ray diffraction (3DXRD) microscopy was developed and used to study
recrystallization kinetics of cold-rolled aluminium [6], which showed that each recrystallizing
grain followed its own kinetics. The objective of the present work is to study recrystallization
kinetics of individual grains for cold-rolled copper using 3DXRD. The kinetics of cube grains
and noncube grains are compared to discuss the cube texture development.

2. Experimental

The initial material was oxygen free high conductivity copper (purity 99.95%), with a grain
size of 22 um (intercept length, ignoring twin boundaries). It was cold-rolled from 5 mm to
0.5 mm, corresponding to a von Mises strain of 2.7. Recrystallization in this material has
been studied by electron microscopy, and a strong cube texture is known to develop during
recrystallization [7,8]. A specimen was cut from the rolled sample of ~2 mm along the rolling
direction (RD) and 0.75 mm along the transverse direction (TD), and was electropolished to

avoid nucleation from surface imperfections during the subsequent annealing.
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The 3DXRD experiment was conducted at beamline PO7 at PETRAIII, Deutsches
Elektronen-Synchrotron (DESY) using a monochromatic X-ray beam of energy 50 keV and a
square beam profile of size 500 x 500 um2. The specimen was mounted in a hot finger
furnace with an inert gas atmosphere, with RD parallel to the vertical direction and TD
parallel to the beam direction. The specimen was heated in situ at 130 °C, and the specimen
was rotated around the vertical axis from 0° to 30° (the rotation angle was noted as ) by
sweeping a small 0.5° interval while acquiring diffraction images. Each 30° rotation took 5.7
min, and the entire measurement took about 250 min. According to hardness measurements,
the sample was ~25% recrystallized at the end of the measurement.

Diffraction peaks from the {200} and {400} Debye-Scherrer rings were analyzed. The
positions of diffraction peaks were identified from images collected during the last rotation.
It should be noted that only peaks with relatively high peak intensities were considered.
These peaks were then traced back to earlier times. Fig. 1 illustrates this process using a
{200} peak as an example. Peaks were divided into two groups: originating from cube or
noncube grains. A peak was considered as originating from a cube oriented grain, if the
corresponding scattering vector deviated less than 10° from that of the ideal cube orientation.
Since this treatment used only the partial orientation information from a single diffraction
peak, cube grains in this work are actually grains with either RD or ND close to a <100>
direction. However, according to EBSD data of the same sample after recrystallization [8],
only very few grains (~2%) would be mislabeled; this treatment seems thus acceptable. The
peak intensity was calculated as the integrated intensity over a peak subtracting its
background. The intensities were converted to grain volumes as in [9], and equivalent sphere
diameters (ESDs) were calculated from the obtained grain volumes. The growth curve of each
grain was plotted as ESDs increasing as a function of annealing time. All growth curves were
manually checked to remove artifacts.
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Fig. 1 Example showing the process of peak identification. a) The peak was first identified
from the diffraction image collected during the last 30° rotation. The peak position (®,n0)
were noted. b) The same peak at earlier times was found according to the peak position. This
peak first appeared at t=60 min, and its intensity increased with time. For clarity, the peak is
only plotted for a few time steps.

3. Results and discussion

In total, 101 cube grains and 724 noncube grains were identified in the last time step. The
grain size (ESD) distributions are plotted in Fig. 2. Compared with noncube grains, cube
grains have a higher fraction of grains smaller than 10 um. All these small cube grains have
peak positions near the azimuthal angles 0° or 180°. These peak intensities are thus
enhanced by the Lorentz factor. It means that the detection limit (minimum grain size) is
smaller for cube grains. To avoid this bias, all grains smaller than 10 um are excluded in the
following analysis. As shown by Fig. 2, the size distribution of noncube grains is observed to
follow a lognormal distribution, but that of cube grains is not. There are a certain number of
cube grains larger than 40 um, and the largest cube grain is 88 um. The size distribution of
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cube grains is consistent with previous observations using electron backscatter diffraction in
the same material after annealing at 150 °C [8]. The large cube grains have been termed
supercube grains [8], and although few in number, these supercube grains make a significant
contribution to the cube texture.

Fig. 2 Size distributions of cube and noncube
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A few typical growth curves are plotted in Fig. 3. Each grain follows its own growth curve, as
has been observed for aluminium [6]. The growth rates vary with time and from grain to
grain. Most grains tend to have a large growth rate right after nucleation, followed by a
period during which the growth rate decreases. A few grains, such as the one marked by an
arrow in Fig. 3a, exhibit a stagnation period for some time, after which they continue to grow.
The nucleation times vary significantly from grain to grain, which is different from
aluminium [6]. To compare the nucleation and growth behavior of cube and noncube grains,
we obtained two parameters from each growth curve: the nucleation time t, and the maximal
growth rate g. Fig. 3b illustrates how the two parameters were obtained.
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Fig. 3 Selection of measured growth curves. a) Growth curves of 4 cube grains and 4 noncube
grains. The arrow marks a stagnation period. b) Examples explaining how the nucleation
time t, and maximal growth rates g were determined. t, was the time when the grain was first
observed. Each growth curve was fitted using a spline function (the blue curve), and the
largest slope of the fitted curve was used as g.

The distributions of the nucleation times are plotted in Fig. 4a. Nucleation takes place during
the entire measurement period for both cube and noncube grains. There is a slightly higher
fraction of cube grains that nucleate during the first 30 min (see the first bin of the
histograms in Fig. 4a), but according to the cumulative relative frequency, the nucleation
behavior of cube and noncube grains is considered quite similar. Therefore, the different size
distributions seem not to be associated with differences in the nucleation times.

The distributions of the maximal growth rates are plotted in Fig. 4b. For most cube and
noncube grains, the maximal growth rates are less than 0.4 pm/min, but cube grains have
more grains with higher growth rates. This tendency is clearer from the cumulative relative
frequencies: the 70% slowest growing grains have similar maximal growth rates for both cube
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and noncube grains, whereas the 30% fastest growing cube grains show a significantly
enhanced growth rate than the 30% fastest growing noncube grains. The few cube grains with
larger growth rates may grow to larger grain sizes, which explains the longer tail in the size
distribution of cube grains, i.e. the formation of supercube grains. However, as the growth
rate of one grain varies with time, it is insufficient to use only the maximal growth rate in a
growth curve to represent the growth behavior of a grain. We are planning to include more
parameters to compare the growth behavior of cube and noncube grains in the future.
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Fig. 4 Distributions of nucleation times t, (a) and maximal growth rates g (b) for cube and
noncube grains that are larger than 10 um at the end of the measurement. The histograms
show the relative frequencies, and the curves show the cumulative relative frequencies. The
bin widths are 30 min and 0.2 um/min for a) and b) respectively.

4. Summary

Nucleation and growth of individual grains in cold-rolled copper have been followed in situ
during recrystallization at 130 °C by 3DXRD. A few cube grains having large sizes after
recrystallization, named supercube grains, are important for the cube texture development.
Cube and noncube grains seem to have similar nucleation behavior but different growth
rates. More cube grains have larger growth rates, and this is considered to be related to the
formation of the supercube grains.
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