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The effect of strain path on the mechanical behavior and
dislocation arrangements in the hot working of copper
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Abstract

Hot monotonic torsion of copper at 673 K led to a stress–strain curve displaying a peak and steady state stress typically connected
to dynamic recrystallization (DRX). Cyclic deformation suppressed DRX, and restoration was dominated by Dynamic Recovery (DRV).
Successive straining cycles involved the breakdown and restructuring of dislocation arrangements typical of DRV, causing a decrease in
accumulated internal energy. These phenomena are similar to those caused by strain path changes under cold working conditions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The ability of metals to be shaped by cold and hot plas-
tic deformation (“cold or hot forming”) is one of their most
important characteristics. Forming leads not only to shape
changes but also to an increase in the strength of the material
(“work hardening”), which depends on the material and the
process variables (geometry, strain, strain rate, temperature
and strain path). The effects of strain, strain rate and tem-
perature have received wide attention in the literature, but
analyses regarding the strain path have been less frequent,
except for sheet metal forming[1–4]. There is an increasing
interest on the strain path effects on hot working[5–9], be-
cause they influence the final microstructures and properties
of the materials, as well as the required forming loads. In
addition, changes in strain path profoundly alter the shape of
the stress–strain curves of metals. The corresponding consti-
tutive equations should reflect this, since they influence all
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the analytical and numerical approaches to metal forming
problems.

Davenport[6] distinguishes between two types of strain
paths—strain reversal (considering small strains and large
strains separately) and other paths, such as sequentially or-
thogonal normal strains and combinations of normal and
shear strains. Strain reversal is of technological importance
in flat rolling, where reversed shears occur along the rolling
gap. These are superimposed on an overall compression
strain, and vary along the thickness of the rolled material.
The rolling of long products involves an additional aspect,
which is the use of successive deformation passes at 90◦
or 45◦ to each other. This component of straining is sim-
ilar to pure multi-axial deformation (not superimposed on
overall compression), which, similarly to cyclic straining in
tension/compression[10], causes lower hardening than an
equivalent monotonic strain[11–13]. The deformation in the
cross section of long products is much more heterogeneous
than in flat products[14], leading to increased levels of com-
plexity in the analysis of this problem.

Industrial rolling of both flat and long products may in-
volve a large number of passes (as much as 20) with varying
time intervals between them[15]. There are some analyses
covering the effect of strain path on the hot working of met-
als for such large number of passes, but most studies refer to
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a few deformation steps. In general, the following aspects of
processing have been covered: the shape of the stress–strain
curves, the deformation mechanisms and the subsequent
softening and final microstructures[7,8,12,16–18].

The present paper analyses the effects of strain path on
the mechanical behavior and dislocation structures of met-
als, for the case of hot reversed shear and a large number
of deformation passes. Copper was used as a model mate-
rial because it has a FCC lattice and a relatively low stack-
ing fault energy (SFE), leading to dynamic recrystallization
(DRX) at working temperatures greater than 673 K. Copper
displays no phase transformations upon cooling, and allows
water quenching of samples for subsequent reliable studies
of the microstructure. The 673–773 K processing tempera-
tures are associated with very limited static restoration of
the material during the time between deformation steps[16].
A clear separation of the effects of strain path and of static
restoration on the experimental results is thus obtained[19].
The data for copper can be qualitatively extrapolated to the
behavior of austenite, since these two materials have sim-
ilar structural characteristics (FCC structure and relatively
low SFE). Austenite has a greater technological significance
than copper, but must be processed at a higher temperature
(above approximately 1173 K) and does not allow simple
microstructural studies through quenched samples, due to
the inherent phase transformations.

2. Experimental procedures

Straining was carried out on a commercial purity copper
(Sn:<0.10; P: 0.026; Pb:<0.01; Al: <0.03; Fe: 0.010; Mg:
<0.001; Zn: 0.0035; Si: 0.024; Ni:<0.002; Cu: Bal.). The
machined specimens (cylinders 6.35 mm in diameter and
15 mm in length) were annealed at 843 K for 5400 s in a
vacuum of 1.01× 10−2 Pa and then cooled down to room
temperature into the furnace.

Hot torsion tests were conducted in a servo-hydraulic,
computer-controlled machine with a microprocessor con-
trolled, tungsten lamp radiant furnace. The specimens were
initially soaked at 843 K for 1800 s, cooled down to the
testing temperature of 673 K at a rate of 1 K/s, and then
thermally homogenized for 180 s. Tests were performed at
a strain rate of 0.1 s−1. The temperature was measured by
a thermocouple in contact with the surface of the gauge
length of the samples. Specimens were tested inside a quartz
tube, through which flowed a protective argon atmosphere,
in order to avoid sample oxidation. The measured values
of torque (Γ ), and angle of twisting (θ), were converted to
equivalent stress� and strainε [20,21], respectively, follow-
ing Eqs. (1) and (2):

σ = 3.3
√
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Fig. 1. (a) Experimental strain–time data for the initial cyclic torsion with
a strain amplitude�ε = 0.24 and a strain rate 0.1 s−1, (b) details of the
experimental data in the region of the strain peak in the 4th cycle.

whereL andR are the gauge length and radius of the spec-
imen, respectively.

Cyclic torsion involved programming the twist angle and
speed of the torsion machine so that the desired strain am-
plitude (as perEq. (2)) and strain rate would be obtained.
Fig. 1(a)shows the evolution of strain for the present ex-
periments, for a strain amplitude�ε = 0.24. Fig. 1(b)dis-
plays the experimental details around the fourth strain cycle
peak. The linear portions of this graph, before and after the
peak, indicate a strict adherence to the programmed strain
rate (0.1 s−1). It can also be seen that the strain went through
a full reversal in a time interval�t = 100 ms. The exam-
ination of other experimental data revealed that�t never
exceeded 200 ms. An investigation was performed in order
to analyze the effect of these resting periods on the soft-
ening between passes. The analysis utilized the method of
Petkovic et al.[22,23], which indicated that no significant
static softening occurred up to a time interval of 200 ms for
reversing the straining direction.

The microstructural observations after monotonic and
cyclic tests were performed following quenching of the
specimens, which involved water flooding the quartz tube
containing the samples. There was a time lag of 0.8 s be-
tween the opening of the water valve and the beginning of
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quenching. The furnace was turned off simultaneously with
the introduction of water. The measured specimen cooling
during this 0.8 s lag was below 1 K. Thus there was very lit-
tle time during which the material was at high temperature
and not being strained. H2O quenching cooled the sample
surface from 673 to 473 K in about 0.5 s.

The observation of dislocation structures was performed
using transmission electronic microscopy (TEM). Sections
were taken close to the surface and parallel to the longitudi-
nal axis of the torsion specimen. Small disks (3 mm diam-
eter) were cut and subsequently carefully ground down to
a thickness of approximately 100–160�m. The disks were
thinned at 278 K in a double jet electropolishing operation
(80% ethanol and 20% nitric acid), using a Tenupol III
(Struers) apparatus.

3. Results and discussion

Fig. 2(a) shows the experimental monotonic equivalent
stress–strain curve (SS curve). Its shape indicates that dy-
namic recrystallization (DRX) occurs during the test, leading
to a steady state stress after strains approximately larger than
1.25. An analysis of the work hardening rate–stress curve

0,0 0,5 1,0 1,5 2,0 2,5 3,0
0

50

100

150

200

250

Fig.3
= 0.1s-1.ε  

Temperature = 673K

S
T

R
E

S
S

, M
P

a

STRAIN

0,0 0,5 1,0 1,5 2,0 2,5 3,0
0

50

100

150

200

250

Fig.4(b)

Fig.4(c)
Fig.4(a)∆ε= 0.24

= 0.1 s-1
.
ε

Temperature = 673K 

S
T

R
E

S
S

, M
P

a

STRAIN

(a)

(b)

Fig. 2. (a) Equivalent stress–strain curve for the monotonic torsion testing,
rotation in the counter-clockwise direction (+). (b) Cyclic SS curve for
a strain amplitude�ε = 0.24 over 11 cycles.

Fig. 3. TEM observation on longitudinal near surface sections after mono-
tonic straining toε = 2.5; dark areas correspond to heavily deformed
grains; bright areas represent dynamically recrystallized grains; arrows
indicate dynamically recrystallized grain nuclei.

[12], led to a peak stressσp = 158.7 MPa and a correspond-
ing peak strainεp = 0.89. It is also possible to evaluate[12]
the critical strain for the initiation of DRX and the respec-
tive value of the stress (εc = 0.68 andσc = 152.7 MPa).

Fig. 2(b)shows the experimental SS curve for the cyclic
loading with a strain amplitude of�ε = 0.24, where the
stresses and strains are always taken as positive, and the
strain per cycle is cumulative[18]. This allows a compari-
son with the SS curve for monotonic torsion (dashed line,
Fig. 2(b). The curve for cyclic straining does not display a
peak stress, suggesting that DRX is not occurring. The en-
velope for the cyclic SS curves inFig 2(b) progressively
approaches the same steady state stress (σc

ss) as that for the
monotonic curve (σss). It was previously shown[16] for
copper deformed at 773 K, that cyclic and monotonic strain-
ing led to approximately the same steady state stress for ra-
tios �ε/εp above unity. In the present case, at 673 K, such
a situation was observed for a much lower ratio�ε/εp =
0.24/0.89 = 0.27. This is probably connected to the lower
levels of dynamic recovery (DRV) at 673 K, as compared to
deformation at 773 K.

TEM analysis showed that monotonic torsion led ini-
tially to dislocation microbands, which are then divided by
dislocation walls along their length, producing elongated
sub-grains, similar to that in Akbari et al.[24]. Increased
deformation led to the loss of these bands and to the ap-
pearance of new dynamically recrystallized grains (Fig. 3),
which corresponds to a total strain of 2.5, as indicated in
Fig. 2(a). Some grains are heavily deformed and display a
dense substructure (dark areas), while other grains present
almost no substructure (brighter areas), indicating that
dynamic recrystallization had occurred. Additionally, the
presence of some nuclei (arrows) was identified.
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Fig. 4(a) and (b)show the dislocation structures in pure
Cu at the end of the 10th cycle (counterclockwise rotation,
total strain ofε = 2.4) and at the end of the 11th cycle
(clockwise rotation,ε = 2.64), respectively, as indicated
in Fig. 2(b). The dislocation arrangements present in the
substructure at the end of each deformation cycle differ
strongly from that observed for the monotonic tests (see
Fig. 3), for approximately the same total strains. Profuse
dislocation microbands are now observed, displaying some
walls along their lengths. No dynamically recrystallized
grains or nuclei can be seen. The features shown inFig. 4(a)
and (b)are similar to those observed in the initial stages of
monotonic straining, as well as those commonly associated
with dynamic recovery in the cold working of FCC metals
[25]. DRV is the prevailing restoration mechanism during
the cyclic working of copper at 673 K, even to quite large
deformations. Cyclic straining seems to decrease the accu-
mulation of internal energy connected to plastic working, in
comparison to monotonic straining. As a result, DRX is not
triggered and restoration is dominated by DRV. It is conceiv-
able that, as the strain per cycle increases towards a higher
fraction of the critical strain for the beginning of DRX or of
the peak strain (estimated to beεc = 0.68 andεp = 0.89,
respectively, in the present case), one will end up with
increasing degrees of DRX at the end of each successive
cycle.

In order to allow further insight into the prevailing de-
formation mechanisms during cyclic torsion, a TEM obser-
vation was performed at a point in between the situations
in Fig. 4(a) and (b). This was taken at a total strain of 2.5,
midway between the end of the 10th cycle (counterclock-
wise rotation, total strain ofε = 2.4) and the end of 11th
cycle (clockwise rotation, total strain ofε = 2.64), as in-
dicated inFig. 2(b), and a typical structure is displayed in
Fig. 4(c). The dislocation microband structure has disinte-
grated: many of the microband boundaries cannot be clearly
observed, and the overall dislocation structure is much more
disperse than in the starting microband structure shown in
Fig. 4(a). On the other hand, a diffuse “blocky” cell struc-
ture is delineated, which corresponds to the remnants of
the old structure and to a new microband structure being
formed at 90◦ with the old one. Further deformation leads
to the elimination of the previous microbands and to the
full development of a new set of microbands, as shown in
Fig. 4(b). One concludes that the lack of sufficient stored en-
ergy for triggering DRX is the result of the successive disin-
tegration and build-up of dislocation structures, during strain
reversal.

The present results show that the restoration mechanisms
and resulting dislocation structures in monotonic straining
are very different from those prevailing in cyclic deforma-
tion. The former is dominated by DRX, whereas the latter
is controlled by DRV through the cyclic disintegration and
build up of dislocation microbands. It is surprising that two
such different microstructures, which are certainly associ-
ated with differing internal stress patterns, can lead to ba-

Fig. 4. TEM observation on longitudinal near surface sections after (a)
cyclic straining toε = 2.4 (end of 10th cycle, counterclockwise rotation);
(b) cyclic straining toε = 2.64 (end of the 11th cycle, clockwise rotation);
(c) cyclic straining toε = 2.5 (midway between the 10th and the 11th
cycle applied as a clockwise rotation).
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sically the same macroscopic steady state stress levels. It
should be remembered, however, that cyclic straining with
strain amplitudes lower than those presently employed, lead
to decreased levels of work hardening and to values of the
steady state stress substantially below those for monotonic
straining[8,16,18].

The restructuring of dislocation structures caused by
strain path changes has already been reported for the case
of cold working. Huang[26] describes extensive dislocation
restructuring caused by a decrease in plastic deformation
amplitude (from 0.003 to 0.001) during low cycle fatigue.
Lopes et al.[19] and Bate[27] indicate the presence of a cell
restructuring mechanism in the cold working of an AA1050
aluminum alloy, which bears striking similarities to the
present experimental results for the hot working of copper.
Fernandes[28] observed dislocation restructuring in copper
deformed in tension followed by shearing at room tempera-
ture. Strauwen and Aernoudt[29] also reported such restruc-
turing during the compression of initially cold drawn low
carbon steel bars. The phenomena described in the present
paper are thus in line with observations already developed
for cold working. On the other hand, the possible presence of
DRX in hot working introduces a new dimension to the prob-
lem, since it can be completely eliminated by the decreased
driving force for DRX associated with cyclic straining.

Another interesting aspect of the present work is that, for
the initial five cycles of reversed straining, the shapes of the
successive SS curves resemble those recently described by
Bartolomé et al.[30]. There is an initial fall in the yield
stress of each cycle in relation to the monotonic curve, which
is attributed to a Bauschinger effect. A stress “plateau” fol-
lows, during which some type of dislocation structure rear-
rangement would occur, exactly as described in the present
paper. On the other hand, cyclic straining into the steady
state regime does not display such a Bauschinger effect in
each cycle, whose initial part is already quite close to the
monotonic stress–strain curve. This means that the direc-
tional effects of the prevailing dislocation arrangements be-
come non-existent or ineffective, after a sufficient number
of cycles.

4. Summary

(1) Dynamic recrystallization was observed in the mono-
tonic torsion of copper at 673 K under a strain rateε̇ =
0.1 s−1, promoting extensive grain refinement.

(2) The cyclic torsion stress–strain curve of copper at 673 K,
under a strain ratėε = 0.1 s−1 and a strain amplitude
�ε = 0.24 did not display the characteristic DRX peak.
TEM evidence indicated the absence of DRX even after
a large amount of straining. The sole observed restora-
tion mechanism was dynamic recovery.

(3) Cyclic torsion of copper under the above-mentioned ex-
perimental conditions involved the successive disinte-
gration and build-up of dislocation microbands. The ac-

cumulated strain energy was not sufficient to trigger
DRX.

(4) The dislocation restructuring phenomena observed in
the present research are similar to those reported for
strain path changes under cold working. Such restruc-
turing caused enhanced levels of DRV, eliminating the
DRX observed under monotonic straining.
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