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Effect of strain rate on deformation texture in OFHC copper
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Abstract

A strong strain rate dependence on the crystallographic texture of oxygen-free high conductivity copper is observed and reported

for the first time. Two shear compression specimens were deformed at widely different strain rates (0.001 s�1 and 7000 s�1) to the

same strain, and their textures were determined using orientation image microscopy. By comparing the stress–strain curves and the

major texture components at the two strain rate levels, it is realized that increase in strain rate causes increase in strain hardening

which thereby influences the texture.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Polycrystalline oxygen-free high conductivity (OFHC)

copper is one of the most widely studied materials under

a variety of deformation paths and over large strains,

strain rates and temperatures. As the material deforms,

it develops texture due to crystal reorientation. The evo-

lution of the deformation texture with strain at quasi-

static strain rates has been analyzed by many researchers

to assess the predictive capabilities of crystal-based plas-
ticity models for face-centered cubic (fcc) metals, see e.g.

Refs [1,2]. Strong strain rate effects on rolling texture

have been previously reported by Leffers [4], and by Lef-

fers and Pedersen for Cu–5%Zn [5]. However, to the

best of the authors� knowledge, there has not been a sin-

gle experiment on OFHC copper aimed at observing the

effect of strain rate on deformation texture. This infor-

mation is much needed in order to check the validity
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and widen the range of applicability of the current con-

stitutive models, which are mostly strain rate dependent
[1,2]. New results for the deformation texture in OFHC

copper deformed at high-strain rate are presented here.

In order to achieve large deformations at widely dif-

ferent strain rates using single specimen geometry, the

newly developed shear compression specimen (SCS) [3]

was used throughout the study. The evolution of texture

is shown to be rate dependent.
2. Experimental

Two cylindrical cold drawn OFHC copper samples
with specifications shown in Table 1 were selected for

carrying out compression tests at two widely differing

strain rate levels at room temperature. The cylindrical

samples were made into SCS by machining two slots

at 45� to the drawing direction (along the height), as

shown in Fig. 1 [3]. The specimens were tested in the

as-received condition. Sample A was compressed

quasi-statically at a strain rate (_ee) of 0.001 s�1 using
a computer controlled servo-hydraulic machine (MTS
sevier Ltd. All rights reserved.
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Table 1

SCS samples selected for the deformation experiment

Sample Strain

rate (s�1)

Initial gage

width (w)

(mm)

Final gage

width (w*)

(mm)

Height (h)

(mm)

A 0.001 1.27 0.64 29.21

B 7000 2.54 1.27 27.94
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Model no. 11019). The total equivalent plastic strain
(ee) was 0.5. Sample B was compressed similarly at a

strain rate (_ee) of 7000 s�1 using the split-Hopkinson

pressure bar apparatus to the same equivalent strain of

0.5.

The constitutive relations for the SCS copper are

given by (from Eqs. (2) and (3) in Rittel et al. [3]),

ee ¼
d
h
: _ee ¼

_d
h

ð1Þ

re ¼ 0:85ð1� 0:2eeÞ
P
ut

ð2Þ

where d is the vertical displacement of the gage section, h

is the initial gage height (¼
ffiffiffi

2
p

w), re is equivalent stress,
P is the applied load, u and t are the sample diameter

and gage thickness shown in Fig. 1.

After deformation, a thin slice was sectioned midway

along the compression direction by including the gage

section (Fig. 1), using electro discharge machining

(EDM). The sample sections were then mechanically

ground and electropolished.

The crystallographic orientation measurements on
the sample surfaces were carried out by using orienta-

tion imaging microscopy (OIM) [6,7], which employs

fully automated (computerized) identification of the
Fig. 1. Schematic showing the deformed SCS specimen. The diameter (U), t
studied in this case. OIM scans were carried out in the undeformed regions (a

A (quasi-static) and B (high strain rate).
back-scattered Kikuchi diffraction patterns and an auto-

mated computation of the crystal lattice orientation.

The OIM technique has a typical spatial resolution of

about 1 lm. The OIM scans in this study covered a max-

imum area of approximately 1 mm · 1 mm at a time.

Scans were recorded at different regions, (Fig. 1(a)–
(c)), along the compression direction, for both the sam-

ples A and B.
3. Results

After compressing the SCS samples at two different

strain rates to the same nominal strain, it was observed
by measuring the dimensions that the cylindrical sec-

tions containing regions a and c remained undeformed,

whereas the gage section containing region b appeared

to be sheared. This is in agreement with the report of

Rittel et al. [3] of the deformation pattern of the SCS

specimen. Consequently, the deformation of the SCS

specimen was solely confined to the gage section. The

microstructure of the undeformed region for sample A
is shown in Fig. 2(a), which reveals wavy slip lines due

to prior deformation by cold drawing. This microstruc-

ture is typical of regions a and c, for both the samples A

and B.

The orientation of the grains in the undeformed sec-

tion is shown by the (111) pole figure (Fig. 2(b)). The

majority of the grains are oriented with their <111>

axis parallel to the sample z0 direction (i.e. the drawing
direction), with a smaller number of grains having their

<100> axis parallel to the sample z0 direction. This tex-

ture matches with the well-known texture observed for

wire drawn copper samples [8]. The texture was found
hickness (t) and the clearance (q) were the same for both the samples

and c) and in the mid-section of the deformed region (b) for the samples



Fig. 2. (a) Microstructure of the undeformed region for sample A. (b) The texture in the undeformed region showing a combination of strong <111>

fiber texture and weak <100> fiber texture.
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to be uniformly the same in regions a and c for both the

samples A and B after deformation.

3.1. Quasi-static deformation

The stress–strain curve for sample A deformed quasi-

statically at a strain rate of 0.001 s�1 is shown in Fig.

3(a). The microstructure of the mid-region of the

sheared region in sample A (i.e. region b) is shown in

Fig. 3(b). Due to shear, the elongated grains appear to

move away from the sample z0 direction. The (111) pole

figure from the same region is shown in Fig. 3(c). The
pole figure is symmetrical about the y-axis which is com-

mensurate with the sample symmetry. For better under-
Fig. 3. (a) Equivalent stress–strain curve for sample A deformed at a strain r

(P–d) using Eqs. (1) and (2). (b) Microstructure of the mid-region of the shear

the mid-section of the deformed region for sample A. (d) The rotated textu

sample A.
standing, the axes are rotated to represent the pole figure

in the ‘‘gage section (shear) co-ordinate system

(x1 � y1)’’, as shown in Fig. 1. This pole figure (Fig.

3(d)) is similar to the known (111) pole figure obtained
from torsion experiments. (Torsion experiments intro-

duce simple shear as is the case in the present experi-

ments which introduce shear dominant deformation in

the gage section [9].)

3.2. Dynamic deformation

The stress–strain curve for sample B deformed
dynamically at a strain rate of 7000/s is shown in

Fig. 4(a). The microstructure of the mid-region of the
ate of 10�3 s�1, plotted from the experimental load displacement curve

ed region for the quasi-statically deformed sample A. (c) The texture in

re in the gage section (shear) coordinate system (shown in Fig. 1) for



Fig. 4. (a) Equivalent stress–strain curve for sample B deformed at a strain rate of 7000 s�1 (the initial jump in stress is due to the non-equilibrium of

the stress state along the length of the SCS observed generally during high strain rate testing with a split-Hopkinson bar). (b) Microstructure of the

mid-region of the sheared region for the dynamically deformed sample B. (c) The texture in the mid-section of the deformed region for sample B. (d)

The rotated texture in the gage section (shear) coordinate system for sample B.

Fig. 5. Comparison chart showing the fraction of the grains with

various major texture components found in the quasi-statically

deformed sample A and dynamically deformed sample B: (1) the

fraction of the grains having an orientation with their <100> axis lying

within 15� to the sample z axis; (2) the fraction of the grains having an

orientation with their <111> axis lying within 15� to the sample z axis;

and (3) the fraction of the grains having an orientation with their

<110> axis lying within 15� to x1 axis (rotated frame), i.e. shear

direction.
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sheared region in the dynamically deformed sample B
(i.e. region b) is shown in Fig. 4(b). The corresponding

pole figure from the mid-section of the sheared region

is shown in Fig. 4(c) and (d).

Here, a major observation is that the two OFHC cop-

per samples show different textures (Figs. 3 and 4) after

deformation at different strain rate levels to the same

equivalent strain.

This difference is not due to any recrystallization ef-
fects as recrystallization is only observed at very high

strain rates of the order of 20,000 s�1 [3]. Moreover,

the deformed microstructure (Fig. 4(a)) showed no evi-

dence of recrystallized grains.

It is known from the torsion experiments that the

grains rotate so that their <110> axis is along the shear

direction [9]. Here, since the gage section experiences

shear dominated deformation, a comparative study is
conducted between the above two deformation textures

(Figs. 3 and 4) to find the fraction of the grains that

rotate accordingly. From the OIM maps generated dur-

ing the scans for regions a, b and c, a fraction of the

grains were found which had their <110> axes lying

within 15� (selected arbitrarily) to the shear direction,

x1. Such fractions were obtained from all the three re-

gions for both samples and converted into a histogram
plot shown in Fig. 5. In order to visualize the effect of

deformation on grain rotation, it may be assumed that

the histogram plot for the undeformed region (regions

a and c) is the same as that for the deformed region (re-
gion b) before the deformation, for both the samples. As

expected, after deformation there is an increase in the

fraction of the grains which have their <110> axis to-

wards the shear direction, for both the samples A and

B. However, the increase is larger for the low strain rate
deformed sample A as compared to the high strain rate

deformed sample B. Additionally, the effect of other

components (i.e. <111> and <100> fiber textures) on
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the shear dominated deformation is also plotted in Fig.

5. We observe that there is a significant decrease in the

major component, after the deformation, for the two

samples A and B.

3.3. On the uniformity of deformation

In order to check the uniformity of the textures, OIM

scans were performed along the mid-section of the gage

region for both the quasi-static and dynamically de-

formed samples and it was observed that the textures re-

mained the same along the gage length. This feature

indicates that the deformation was uniform in the SCS

gage section as was numerically validated in earlier work
[3].
4. Discussion

The present study characterizes the influence of strain

rate on the deformation texture of as-received OFHC

copper at room temperature. From the pole figures
(Figs. 3(b) and 4(b)) it is observed that qualitatively dif-

ferent textures are obtained at widely different strain

rates (deformed to the same strain level) thereby indicat-

ing the importance of strain rate on deformation tex-

ture. Further, from the grain rotation analysis (Fig. 5),

it is found that there is a larger increase in the fraction

of the grains that rotate to bring their <110> axis close

to the shear direction (x1) for the low strain rate sample
as compared to the high strain rate sample. This sug-

gests that the grains in the high strain rate deformed

sample were inhibited from rotating towards the shear

direction as compared to the low strain rate deformed

sample. This effect maybe most likely due to higher ini-

tial strain hardening for the high strain rate deformed

sample B as is seen by comparing the stress–strain

curves (Figs. 3(a) and 4(a)). The apparently increased
initial strain hardening at higher strain rate for copper

has also been observed by other groups [10,11].

It may be important to note that similar experiments

on body-centered cubic Ta revealed very less observable

change in the deformation texture at a higher strain rate,

which also maybe due to the fact that there is no increase

in initial strain hardening at the higher strain rate [12].

Therefore, the observed difference in texture seem to
directly related to strain hardening that is a function of

the strain rate in itself. At a crystal level, this difference

could be due to the difference in single-slip hardening

on individual slip systems and/or due to the difference
in latent hardening (or cross slipping, as concluded in

Ref. [5]). However, the response of individual slip sys-

tems to variations in strain rate has not been extensively

characterized for this material in order to verify the ex-

tent to which the resulting texture is affected by the strain

rate. Consequently, single crystal studies are currently
underway in order to explore these possibilities.

From our present experimental study we conclude

that there is a need to develop an analytical expression

(to be included in the constitutive equations) showing

the dependency of strain hardening on strain rate for

fcc metals.
5. Conclusion

The effect of strain rate on the deformation texture of

polycrystalline OFHC copper has been investigated by

means OIM. At higher strain rates, the material strain

hardens thereby affecting the amount of crystal rotation

and hence the texture. For copper the texture is strongly

rate dependent. This result indicates the need for devel-
oping the current constitutive models for fcc metals in

order to predict texture evolution during high strain rate

dynamic processes.
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