
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 20, 2017

Effects of widening during rolling on the subsequent recrystallization kinetics of
copper

Lin, Fengxiang; Leffers, Torben; Juul Jensen, Dorte; Pantleon, Wolfgang

Published in:
Materials Science Forum

Link to article, DOI:
10.4028/www.scientific.net/MSF.753.285

Publication date:
2013

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Lin, F., Leffers, T., Juul Jensen, D., & Pantleon, W. (2013). Effects of widening during rolling on the subsequent
recrystallization kinetics of copper. Materials Science Forum, 753, 285-288. DOI:
10.4028/www.scientific.net/MSF.753.285

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Online Research Database In Technology

https://core.ac.uk/display/13803638?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.4028/www.scientific.net/MSF.753.285
http://orbit.dtu.dk/en/publications/effects-of-widening-during-rolling-on-the-subsequent-recrystallization-kinetics-of-copper(2ac73a5d-f5ec-4b8b-bec2-e0c2359b2d71).html


Materials Science Forum. 753, p. 285-288 
 

 
 

Effects of Widening during Rolling on the Subsequent Recrystallization 
Kinetics of Copper 

F.X. Lin1,a, T. Leffers1,b, W. Pantleon2,c, D. Juul Jensen1,d 
1Danish-Chinese Center for Nanometals, Materials Science and Advanced Characterization 
Section, Department of Wind Energy, Technical University of Denmark, Risø Campus, 4000 

Roskilde, Denmark 
2Department of Mechanical Engineering, Section for Materials and Surface Engineering, Technical 

University of Denmark, 2800 Kongens Lyngby, Denmark 
alnfe@dtu.dk, btole@dtu.dk, cpawo@dtu.dk, ddoje@dtu.dk 

Keywords: copper, rolling, widening, recrystallization, cube texture  

Abstract. Recrystallization kinetics in copper cold-rolled to 90% reduction, with and without 
significant widening, was investigated by electron backscatter diffraction. It was found that the 
recrystallization process was slightly retarded, and the development of the cube recrystallization 
texture was largely inhibited in the widening sample. Cube grains were observed to have a growth 
advantage by a factor of 2 in the non-widening sample, while this growth advantage was not 
observed in the widening sample. The development of the cube texture in the two samples is 
discussed. 

Introduction 
The recrystallization process, including recrystallization kinetics and microstructural evolution, 

in cold-rolled face centered cubic metals has been widely investigated. In particular, the formation 
of a strong cube recrystallization texture has been discussed intensively, and has been related to 
oriented nucleation and/or oriented growth. Several parameters, such as initial grain size, 
deformation strain and material purity have been found to affect the cube texture development [1-
5]. It is normally assumed that rolling is equivalent to plane strain compression, i.e. that there is no 
change in the sample dimension along the transverse direction (TD). However, when the initial size 
of the sample along TD is small, significant widening during rolling is observed [6]. In aluminium, 
it has been recognized that significant widening strongly inhibits the development of the cube 
texture during recrystallization [7]. On the other hand the complete elimination of widening as in 
channel-die compression reduces the strength of the cube recrystallization texture [8]. The objective 
of the present paper is to compare two otherwise identical samples which have been rolled with and 
without significant widening, and to investigate the recrystallization kinetics in these two samples. 

Experimental 
The initial material was commercial oxygen free high conductivity copper with an average grain 

size of 22 µm. The initial texture was very weak. Further details of the material can be found in [9]. 
Specimens with a starting thickness and width (w0) of 5.2 × 44.1 mm2 and 9.3 × 13.4 mm2, 
respectively, were rolled homogeneously to 90% reduction. The relative widening was calculated as 
(𝑤 −𝑤0) 𝑤0⁄ , where w is the sample width at 90% reduction. The relative widening was 8.4% and 
38.6% in the two samples respectively. The amount of widening in the first sample is normal for a 
rolled sample (e.g. [8]), while that in the second sample is significant, and cannot be ignored. These 
two samples are termed NW (non-widening, or better normal widening) and W (widening) samples 
in the following. Both samples were annealed isothermally at 150 °C for various time periods. The 
longitudinal planes in the center of the specimens were characterized by electron backscatter 
diffraction (EBSD) with a step size of 1 µm. Recrystallized grains were identified automatically 
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from the EBSD data by a program developed for this purpose, the DRG program [10]. A large 
density of twin boundaries developed during recrystallization, and these twin boundaries were 
considered as normal high angle boundaries for defining recrystallized grains, which means that 
twin parts of a grain were treated as separated grains. 

Results and discussion 
The volume fractions of the main components of the deformation textures of the two samples are 

summarized in Tab. 1. In both samples, the S texture component is the dominant component, but the 
S component is stronger in the NW sample. The volume fractions of copper and brass texture 
component are similar in the two samples. Also in both samples, there is a weak cube texture 
component. 

The evolution of the volume fraction of recrystallized material (VV) is plotted in Fig. 1a as a 
function of annealing time. The recrystallization process is slightly retarded in the W sample. The 
same data are plotted in the form of −ln (1 − 𝑉𝑉) against annealing time on a log-log scale in Fig. 
1b. A linear relationship is observed for VV less than 60%, with slopes equal to 1.38 and 1.83 in the 
NW and W sample, respectively. At longer annealing time, the slopes decrease. The data do not 
follow the simple JMAK relationship 𝑉𝑉 = 1 − exp (−𝑘𝑡𝑛) any longer. A similar result has been 
observed for copper rolled to 92% reduction previously [11]. 

The textures after recrystallization in the two samples are also listed in Tab. 1. The cube texture 
component becomes the dominant texture component in the NW sample, with a volume fraction of 
about 50%. In the W sample, the volume fraction of the cube component is only 13% after 
recrystallization. 

  
Fig. 1. a) Evolution of the recrystallized volume fraction as a function of annealing time and b) the 
same data as in a) plotted as −ln (1 − 𝑉𝑉) against annealing time on a log-log scale. 

Tab. 1 Volume fractions of different texture components of the deformation and recrystallization 
texture in the NW and W samples. Texture components are defined using a 15° deviation to the 
ideal orientations. It has to be noted that the NW and W samples were only 85% and 83% 
recrystallized after the longest annealing times used here. The recrystallized volume fraction of each 
texture component VVi,cor are thus calculated as VVi,cor=VVi,measured/VV. 

Sample State cube copper brass S other 

NW 
Deformation 1% 14% 22% 40% 22% 

Recrystallization 48% 1% 3% 15% 33% 

W 
Deformation 1% 13% 19% 31% 37% 

Recrystallization 13% 4% 5% 20% 58% 
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The growth rates of cube and noncube grains in the NW and W samples are determined using a 
methodology first suggested by Cahn and Hagel [12] and later extended to include analyses of 
growth rates as a function of orientations [13] (see Fig. 2). The growth rates decrease with time as 
𝐺 = 𝐺0𝑡−𝑟, with r around 1 for both cube and noncube grains, in both samples. The cube grains 
have a higher growth rate (by a factor of about 2) in the NW sample. In this sample, the average 
grain size of cube at the end of recrystallization is 11 µm, which is about twice that of noncube 
grains (6 µm). The cube grains, however, do not show an obvious growth advantage compared with 
noncube grains in the W sample. It has to be noted that the average grain size of cube grains (7 µm) 
is slightly larger than that of noncube grains (6 µm) at the end of recrystallization in the W sample. 
However, the average size of cube grain is already 7 µm at the beginning of recrystallization, and 
with longer annealing times, the average size does not increase because continuously many small 
new cube grains form, some of which by twinning of noncube grains.   

  
Fig. 2. Average Cahn-Hagel growth rates of cube and noncube recrystallized grains in a) the NW 
sample and b) the W sample. For a given texture group i, the average growth rate is calculated as 
〈G〉i = (dVV/dt)i /SV,i, where the SV,i is the volume density of surface area between recrystallized 
grains of the ith texture component and the surrounding deformed matrix. 

The less developed cube recrystallization texture in the W sample can, at least partly, be 
attributed to the absence of a growth advantage of cube grains during recrystallization. In the NW 
sample, it was found that a small number of cube grains have very large grain sizes at the end of 
recrystallization, which contribute a lot to the cube recrystallization texture and to the larger 
average cube size. These huge cube grains are termed supercube grains [14]. It has been suggested 
[14] that the growth advantage of cube grains may originate from these supercube grains, while 
other cube grains grow at a similar rate as noncube grains. In the W sample, there are a few large 
cube grains, but their size advantage compared with the noncube grains is not as obvious as the 
supercube grains in the NW sample. It is interesting to note, however, that cube grains do have 
larger average size from the beginning of recrystallization in the W sample. A few cube grains with 
a size as large as 30 µm are observed in the W sample after 10 minutes annealing. However, it 
seems that these relatively large cube grains observed at the beginning of recrystallization do not 
continue to grow at a high growth rate to reach a huge final size. The difference in deformation 
texture may partly explain this observation, since the rolling texture is weaker in the W sample. 
However, the growth of recrystallized grains is complex [15], and more detailed investigations, 
especially in-situ investigations, are underway to further the understanding of the development of 
supercube grains. 

Conclusions 
Specimens were cut to two different dimensions and cold-rolled to 90% thickness reduction. 

Significant widening was developed in one of the samples. The deformation texture was slightly 
weaker in the widening sample, while the recrystallized textures were significantly different: a 
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strong cube texture developed only in the non-widening sample. The recrystallization process was 
slightly retarded in the widening sample. The recrystallized cube grains were found to have a 
growth advantage by a factor of 2 in the non-widening sample, which was not observed in the 
widening sample. This growth advantage of cube grains was related to the appearance of supercube 
grains in the non-widening sample. They are only a minor fraction of the cube grains, but they grow 
with a higher growth rate and reach a very large final size. 
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