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INVESTIGATION OF THE ULTRAFINE-GRAINED STRUCTURE FORMATION 
UNDER DIFFERENT STRAIN RATES

The present paper deals with a study on formation of specific substructural features in OFHC copper processed by equal-
channel angular pressing (ECAP) considering different strain rate conditions. Since two mechanical tensile testing equipments 
were being used, strain rate response could be studied in a wide range (both in static and dynamic regimes). Moreover, the copper 
before tensile testing was subjected to drawing and ECAP, separately, which allows to study the influence of both structural and 
substructural features (CG vs. UFG structure). Considering the static regime, it was found that UFG materials have advanced 
properties, showing higher strength and ductility in comparison to their CG counterparts. However, this is valid only to the criti-
cal value of the strain rate. In the dynamic regime, mathematical linearized results imply that ultimate tensile strength in samples 
processed by ECAP increases twice every 10 s–1 rising, however, they lost approximately the same plastic properties than samples 
after drawing. Differences in the progress of mechanical properties are related to specific structural and substructural features 
evolved in the material during ECAP processing. Above mentioned features were studied in detail by methods of transmission and 
scanning electron microscopy (TEM, SEM).
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1. Introduction

Copper is a promising material which offers a lot of struc-
tural applications working in different strain rate conditions. 
To examine the material strain rate response (strengthening 
characteristics, resistance to failure), testing of a material has 
to be carried out in a wide range of loading rates. Therefore, 
different techniques have been used: a) quasi-static strain rate 
tests (10–3 – 10–1 s–1) have been performed using a conventional 
mechanical tensile testing apparatus; b) intermediate strain rate 
tests (101 – 102 s−1) using an instrumented falling weight ap-
paratus; and (c) high strain rates (above 103 s−1) using a tensile 
split Hopkinson bar [1]. Conventional mechanical tensile testing 
apparatus and split Hopkinson bar techniques have been popular 
and currently used to experimental material investigation in 
quasi-static and high strain rates [2-5]. On the other hand, works 
describing the influence of intermediate strain rates on material 
properties have been insufficiently available, nowadays.

The influence of strain rate on material properties is still the 
objective of scientific interest, however, most studies are focused 
on materials prepared by conventional metal working methods 
[1,6]. Severe plastic deformation (SPD) methods provide refin-
ing the material internal structure to the submicrometer range in 
order to improve material properties. Ultrafine-grained (UFG) 
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material is as a material with average grain size in a range of 
1 – 0, 1 μm and advanced properties as high strength, suitable 
ductility [7,8], good corrosion resistance [9]. In recent years, a lot 
of different SPD processing techniques have been developed, 
as equal-channel angular pressing (ECAP) [10-13], high pres-
sure torsion (HPT) [14-16], accumulative roll – bonding (ARB) 
[17,18], equal-channel angular rolling (ECAR) [19,20] and [21], 
ECAP – Conform [22] and others.

Equal-channel angular pressing (ECAP) is an attractive and 
relatively simple technique that was developed by Segal and his 
co-workers [23, 24]. Through the ECAP processing, a sample is 
being pressed through a die without changes of geometrical pa-
rameters. The construction of an ECAP die allows to impose high 
strains and to develop a simple shear in a sample [10,12,25-32]. 
However, it has to be noted that the deformation mechanism and 
material structure evolved during SPD processing show specific 
features behaving differently than during the processing through 
conventional metal forming processes [12,33,34].

According to some authors [35], the development of micro-
structural features following severe plastic deformation methods 
differs from conventional cold working techniques. During SPD 
processing, microstructural evolution is related to subgrain for-
mation, evolution of the cells, types of boundaries, nucleation and 
growth processes, as well as dislocation behaviour. Moreover, 
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other authors [33] imply that the deformation mechanisms in 
UFG materials include slip of perfect and partial dislocations, 
deformation twinning, stacking faults, grain-boundary sliding, 
and grain rotations. These deformation mechanisms also exist in 
coarse-grained (CG) materials however their behaviour is differ-
ent. Such features as a change in dislocation density, formation of 
ultrafine grains and reduction of grain size during SPD processes 
can improve final material mechanical properties [36]. To study 
deformation processes and microstructural evolution during 
ECAP, copper is a suitable material because of FCC structure, 
medium stacking fault energy with a long research history [37].

The aim of this paper is to analyse the mechanical behaviour 
of OFHC copper in different strain rates conditions. As OFHC 
copper was subjected to drawing and equal-channel angular 
pressing (ECAP) that was able to compare conventional and 
new-progressive metal working methods. Moreover, since two 
different tensile testing apparatuses were used (resulting in a wide 
strain rates range ~10–3 – 102 s–1), the influence of intermedi-
ate strain rates on material properties in UFG copper has been 
rarely studied. Hence, it is of great interest to focus on this topic. 
Furthermore, detailed microstructural and substructural analysis 
was performed by transmission electron microscopy (TEM) and 
electron backscattered diffraction (EBSD).

2. Material and methods

OFHC copper with purity above 99.99% and an initial 
grain diameter 40 μm was used in this study. Two methods 
(drawing and ECAP) were applied to form coarse-grained (CG) 
and ultrafine-grained (UFG) structures in samples, respectively. 
During the drawing process, samples were drawn from diameter 
15 mm to 10 mm. During ECAP, samples in a cylindrical cross 
section (diameter 10 mm, length 100 mm) were subjected to 
5 passes and rotated according to a route C using a die having 
φ = 90°, ψ = 0°. Both methods were applied at room temperature.

The influence of strain rate on material properties was 
studied in a wide strain rate range namely in conditions – static 
(ε· ~ 10–3 – 10–1 s–1) and dynamic (ε· ~ 102 s–1). To study properties, 
two different equipments were used – tensile testing machine 
Labtest 5.20 with strain gauge and rotating flywheel machine 
with piezoelectric detector, as well. Tensile tests were performed 
at room temperature. EBSD, TEM analysis were carried out using 
scanning electron microscope PHILIPS XL30 and transmission 
electron microscope JEOL JEM 2000 FX, respectively. The 
experimental results were processed by mathematical analysis.

3. Results

The load – displacement and load – time dependencies were 
registered in static and dynamic testing conditions, respectively. 
According to the curves, mechanical properties as tensile yield 
stress (σ0.2), ultimate tensile strength (σUTS) and reduction of 
area (RA) were determined. 

3.1. Static condition  s

During testing on a tensile machine, the speed of the 
instrument displacement varied what results in different strain 
rate conditions. The dependence of the mechanical properties 
on strain rate for samples processed by drawing and ECAP in 
static conditions is shown in Fig. 1. According to Fig. 1, values 
of yield stress imply no significant difference between draw-
ing and ECAP methods. After ECAP, even from ε· ~ 0.1 s–1, 
slight increase in yield stress was achieved. Moreover, values 
of yield stress were closed to each other for both drawing and 
ECAP states. However, the progress of ultimate tensile strength 
revealed greater influence of applied methods on properties. 
As is seen in Fig. 1, ultimate tensile strength was higher after 
ECAP processing to drawing. Considering the ratio between 
yield stress and ultimate tensile strength, copper with ultrafine-
grained structure shows advanced plasticity. Moreover, the 
reduction of area was greater after ECAP processing (Fig. 2) 
however, only to a critical value of strain rate (ε· ~ 0. 06 s–1). 
It is well-known and many times published [7-9] that UFG 
materials have advanced properties showing higher strength 
and ductility in comparison to their CG counterparts. However, 
according to the results mentioned above, this is applicable 
only to a critical value of strain rate. Besides, the mechanical 
properties were being enhanced after the ECAP processing 
w  hich implies that the grain size refinement through SPD 
methods has positive impact on material properties what makes 
them attractive for industry. Moreover, Fig. 1 also offers an 
overview of the mechanical properties progress to strain rate 
in OFHC copper after drawing and ECAP processing within 
a range ε· ~ 0.002 – 0.4 s–1. Considering the strain rate, strength 
properties are being increased while strain rate is increasing in 
both cases, it is also in agreement with conventional mechanical 
strengthening (with increasing strain   rate). The progress in the 
reduction of area involved in applied methods on strain rate was 
not so obvious. While the strain rate is increasing during tensile 
loading, reduction of area after drawing increases but decreases 
after ECAP.

Fig. 1. Mechanical properties vs. strain rate in the static regime
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3.2. Dynamic conditions

Fig. 2 is an example displaying load and time progress 
during measuring in dynamic conditions [38]. The load and 
time progress indicates occurrence of the wave in the sample 
during measuring. The wave emerged on a detector which was 
noticed from a point indicated by the dashed arrow. The test 
ended when the load fell down to zero (continuous arrow line). 
The similar curves progress (as is seen in Fig. 3) emerged in the 
whole dynamic regime for both states (drawing, ECAP). Tensile 
yield stress was not established in the dynamic regime due to its 
nearly identical value to σUTS. 

Fig. 2. The load-time dependence for the drawing state (3 m/s) [38]

Fig. 3 illustrates progress of mechanical properties on 
strain rate for samples after drawing and ECAP processing 
(CG vs. UFG) in the dynamic regime. UFG copper had greater 
strength but lower ductility than CG copper, however consider-
ing the increase in strength after ECAP, loss of the ductility is 
not significant enough. Besides, the reduction of area decreases 
with increasing strain rate for both states (drawing vs. ECAP). 
Moreover, in the dynamic regime, the curve displaying the ul-
timate tensile strength progress is more rapid than in the static 
regime that implies higher strain rate sensitivity. 

The dependence between mechanical properties and strain 
rate in the dynamic regime was mathematically processed. It 
was found  , the increase in strain rate resulted in mechanical 
properties as follows:
• drawing state: the increase in σUTS about 4 MPa, RA de-

creases about 0,8% per 10 s–1.
• ECAP state: the increase in σUTS about 8 MPa, RA decreases 

about 1% per 10 s–1.
The linearized results show that ultimate   tensile strength of 

samples processed by ECAP after tensile testing in the dynamic 
regime increases twice every 10 s–1 increase in comparison to 
drawing, however, they lose approximately the same plastic 
properties. Hence, ultrafine-grained metallic materials are more 
sensitive on the strain rate compared to their coarse-grained 
counterparts what was also confirmed in the [39]. As the struc-

ture of nanostructured materials includes ultra-fine grains that 
have low ability to accumulate dislocations in their interior, 
nanostructured materials provide high flow stresses but low 
work hardening rate [40,41]. Testing at high strain rates and/or 
low temperatures impedes annihilation of the dislocations on 
grain boundaries and thermally activated cross slip and climb 
[39] leading to the increasing work hardening rate and enhancing 
uniform elongation [42].

Fig. 3. Mechanical properties vs. strain rate in the dynamic regime

4. Discussion

It is well-known that material properties depend on their 
internal structure which is strongly affected by metal forming 
processes. It is high  ly unlikely, specific microstructural and 
substructural features evolved in materials during ECAP process-
ing have a significant impact on the deformation mechanisms 
which are typically not operative in coarse-grained materials. 
Conventional metal working methods as drawing or rolling are 
not sufficient for obtaining the submicron grain sizes because 
of their limited straining capacity and impossibility in produc-
ing the substructures with high angle misorientations [12]. To 
overcome this limitation, a SPD method such as ECAP has been 
developed to produce the materials with UFG structures through 
the introduction of heavy strain on material without changes in 
a sample’s cross-section. One of the specific features of materials 
processed by ECAP is grain refinement to a submicron level. 
Fig. 4 shows presence of the equiaxed ultrafine grains of diameter 
about 500 nm in copper after five ECAP passes. 

Other specific feature of nanostructured materials are the 
structural misorienation changes evolving in a material during 
ECAP processing. Results from EBSD measurements were 
drawn to the graphical dependences as presented in Fig. 5. Fig. 5 
clearly shows that the first ECAP pass causes increase in the 
low-angle grain boundaries fraction, consequently as far as the 
number of ECAP passes increase, a fraction of the high-angle 
grain boundaries is rising. Similar results in copper processed 
by ECAP were confirmed by the authors [37,43]. Such differ-
ences in the misorientation evolution of copper during the SPD 
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processing can have positive impact on final properties [44]. 
According to some authors [45-48], heavy deformations (cold 
rolling or drawing) can result in the significant refinement of mi-
crostructure at low temperatures. However, the structures formed 
are usually substructures of a cellular type having boundaries 

with low angle misorientations. At the same time, nanostructures 
being formed during the SPD processing are ultrafine-grained 
structures of a granular type containing mainly high angle grain 
boundaries [49-51].

Except the formation of ultrafine grains and changes in the 
misorientation, the material structure processed by SPD methods 
includes other significant structural and substructural features. 
Fig. 6a shows that in copper processed by five ECAP passes, 
high dislocation density is observed. Lugo et. al [52] revealed 
the saturation of dislocation density in copper processed by 
five ECAP passes. High dislocation density can contribute to 
the overall increase in strength, on the other hand, it could be 
responsible for low ductility in ultrafine – grained materials 
[53]. At the same time, “non-equilibrium“ grain boundaries are 
visible in ultrafine-grained structures. Their presence in copper 
processed by five ECAP passes were revealed and clearly shown 
in Fig. 6b where extinction contours are presented (indicated 
by an arrow). The presence of extinction contours on TEM im-
ages is expression of the non-equilibrium grain boundary state 
[44]. The main features of the non-equilibrium grain boundary 
is excess of the grain boundary energy and long range elastic 
stresses, typically results from the interaction of lattice disloca-

Fig. 5. The misorientation angles distribution in OFHC copper a) without ECAP b) one ECAP pass c) five ECAP passes

Fig. 6. TEM images of OFHC copper after five ECAP passes showing a) high dislocation density b) extinction contours implying the presence 
of non-equilibrium grain boundary

Fig. 4. TEM image of OFHC copper after five ECAP passes
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tions and grain boundaries [44]. The authors [53] argued that the 
non-equilibrium grain boundaries lead to lower activation energy 
for grain boundary diffusion. Since grain boundary diffusion is 
responsible for Coble creep, presence of the non-equilibrium 
grain boundaries will enhance deformation processes controlled 
by the grain boundary diffusion and finally have a positive 
impact on the plasticity. Even, Kawasaki et al. [54] found the 
local small-scale grain boundary sliding in low temperatures in 
materials processed by ECAP. They have proposed that such 
grain boundary sliding is attributed to the occurrence of the 
non-equilibrium grain boundaries containing high densities of 
the extrinsic dislocations. Presence of the extrinsic dislocations 
in grain boundaries was also confirmed by Valiev et al. [44]. 
According to the experimental works [55-56], Kawasaki et al. 
have argued these extrinsic dislocations are being moved along 
grain boundaries and consequently cause localized sliding and 
this provides important difference in the flow characteristic 
between conventional metals and UFG metals prepared by SPD 
processing [54]. 

According to the previous experimental works [10,11,34] 
and aforementioned results, this study provides a model of 
the UFG structures formation in materials processed by SPD. 
The model describes formation of the UFG structures through 
presence of the cells (subgrains) in initial grains which are 
bounded with dislocation’s walls having boundaries with low 
angle misorientations in early stages. Consequently, with further 
deformation, transformation of the subgrain boundaries with 
high density of the dislocations in to mainly high angle grain 
boundaries leads to the formation of ultrafine grains what was 
also confirmed by the author [44]. Valiev et al. [44] have been 
describing the transformation of the cellular structure to granular 
through partial annihilation of the dislocations with different 
signs in cell (subgrain) boundaries in the moment when the 
dislocation density in cell walls achieves a critical value [44,53]. 
Finally, excess in the dislocations with a single sign lead to 
increase of the misorientation with following transformation to 
the granular structure.

5. Conclusions

Conclusions are as follows:
– in both regimes (static and dynamic), strength properties 

(ultimate tensile strength, yield stress) were being increased 
with the strain rate increasing, independent from applied 
technology.

– in   the static regime, plastic properties (reduction of area) 
in copper processed by drawing increased but on the other 
hand after ECAP processing, reduction of area decreased.

– in the dynamic regime, reduction of area being decreased in 
both cases (drawing, ECAP) with the strain rate increasing.

– regarding the static regime, it was found that UFG materi-
als have advanced properties showing higher strength and 
ductility in comparison to their CG counterparts, however, 
this is valid only to a critical value of strain rate.

– in the dynamic regime, the mathematical linearized results 
imply that ultimate tensile strength in samples processed by 
ECAP after tensile testing in the dynamic regime increases 
twice each 10 s–1 increase however they lose approximately 
the same plastic properties than samples processed by 
drawing.

– differences in the progress of the mechanical properties 
are connected to specific microstructural and substructural 
features evolved in a material during ECAP processing.
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