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Abstract: To explore the effect of strain rate ε  on the high temperature deformation characteristics of ultrafine-grained materials, 
the deformation and damage features as well as microstructures of ECAP-treated pure Al at different temperatures T and strain rates 
ε  were systematically studied through compression tests and microscopic observations. The increase in ε  eliminates strain 
softening at T≤473 K, and largely enhances the yield strength and flow stress at 473−573 K. The shear deformation dominates the 
plastic deformation of ECAP-treated Al. Many cracks along shear bands (SBs) are formed at T≥473 K and secondary SBs basically 
disappear at 1×10−3 s−1; however, at 1×10−2 s−1, cracks are only observed at temperature below 473 K, and secondary SBs become 
clearer at T≥473 K. The microstructures of ECAP-treated Al mainly consist of sub-grains (SGs). The increase in ε  inhibits the SG 
growth, thus leading to the increases both in yield strength and flow stress at high temperatures. 
Key words: equal channel angular pressing (ECAP); pure Al; strain rate; high temperature compression; deformation; damage; 
microstructure 
                                                                                                             
 
 
1 Introduction 
 

It is well known that the bulk fine-grained materials 
have higher strength coupled with better plasticity and 
toughness. To obtain fine-grained or ultrafine-grained 
(UFG) materials, many kinds of mechanical processing 
techniques have thus been introduced. The severe plastic 
deformation (SPD), especially equal channel angular 
pressing (ECAP) technique, is one of the most frequently 
used mechanical processing methods. ECAP is an 
effective method to enhance the strength of metallic 
alloys through grain refinement by introducing intensive 
plastic strain into materials after repetitive pressing [1−5]. 
However, the microstructures of fine-grained or UFG 
materials prepared by ECAP present some characteristics 
similar to those of cold-worked materials [6], because 
their microstructures are at most in a metastable state 
with limited thermal and mechanical stabilities. The 
structural instability is a critical problem for practical 

engineering applications of such materials. As loading is 
exerted to the materials with a metastable microstructure 
at high temperatures, even at room temperature, the 
microstructure can be easily changed by dynamic 
recovery or recrystallization, thus leading to the 
degeneration of their mechanical properties [7−11]. For 
example, in UFG copper,  as the compressive 
deformation temperature is in the range from room 
temperature to 573 K, the coarsening of grains occurred, 
and the coarsening behavior was related to strain rate,  
i.e., with raising strain rate, the localization phenomenon 
of grain coarsening becomes more remarkable [10]. The 
deterioration of mechanical properties of UFG materials 
largely restricts their uses in practical engineering under 
the comprehensive action of applied loading and 
temperature. Therefore, it is of practical significance to 
find some ways to improve the mechanical properties of 
UFG materials at high temperature. 

Some researchers have reported that the UFG 
materials have an enhanced strain rate sensitivity of the 
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mechanical behavior compared with conventional- 
grained counterparts [11−19], and the sensitivity is 
strongly dependent upon the deformation    
temperature [11,12,16−19]. But these investigations 
mainly focus on the effects of temperature and strain rate 
on the mechanical behavior of UFG or nanocrystalline  
materials, while the variations in the deformation and 
damage features along with microstructures with the 
deformation temperature and strain rate are rarely 
considered [10−12]. Therefore, in the present work, pure 
Al processed by ECAP was chosen as the experimental 
material, and the effects of temperature and strain rate on 
the deformation and damage features as well as the 
corresponding microstructures were systematically 
investigated. The aim is to provide reference data for the 
potential application of UFG materials in engineering. 
 
2 Experimental 
 

Pure aluminum billet with 99.99% purity was used 
in the present study. A rod with 10 mm in diameter and 
55 mm in length was cut from the original billet, and 
then processed by ECAP with a 90° angle channel and 
via route Bc to four passes at room temperature. The 
tetragonal compressive specimens with cross-sectional 
dimensions of 4 mm × 4 mm and a height of 6 mm were 
cut from the middle part of ECAP-treated Al rod to 
remove microstructural heterogeneity produced by 
ECAP processing, and the height direction of specimens 
is parallel to the rod axis. Before compression, the 
specimens were polished electrolytically to obtain a 
strain-free and clean surface for microscopic 
observations. The uniaxial compressive tests with 
loading direction parallel to the height direction of 
specimens (or rod axis) were conducted to an 
engineering strain of 45% using a CMT 5105 (made in 
China) testing machine with initial strain rates of  
1×10−3 s−1 and 1×10−2 s−1, respectively, at deformation 
temperatures ranging from 298 to 573 K. After 
compression tests, the deformation features near the 
central parts on the lateral surfaces and the 
corresponding microstructures were examined carefully 
by using SSX−550 scanning electron microscope (SEM) 
and TECNAI G2 20 transmission electron microscope 
(TEM), respectively. 
 
3 Results 
 
3.1 Compressive stress−strain response 

Figure 1 displays the compressive true stress−strain 
curves of ECAP-treated Al at various deformation 
temperatures, respectively, at two strain rates of   
1×10−3 s−1 and 1×10−2 s−1. Apparently, at a low strain rate 
of 1×10−3 s−1 (Fig. 1(a)), ECAP-treated Al undergoes a 
continuous strain hardening process at 298 K and 373 K. 

With increasing deformation temperature, strain 
softening followed by a finally slight strain hardening 
occurs after an initially rapid strain hardening. As 
temperature is above 473 K, the material undergoes an 
initially rapid strain hardening stage, and then enters into 
successive strain softening. In contrast, at a high strain 
rate of 1×10−2 s−1 (Fig. 1(b)), successive strain hardening 
or softening is exhibited at T≤473 K and T>473 K, 
respectively. 
 

 
Fig. 1 True stress−strain curves of ECAP-treated Al comp- 
ressed to engineering strain of 45% at different temperatures 
and two strain rates of 1×10−3 s−1 (a) and 1×10−2 s−1 (b) 
 

To clearly reveal the influence of strain rate on the 
mechanical behavior of ECAP-treated Al at different 
temperatures, the compressive stress−strain curves at 
three typical deformation temperatures and the variation 
of yield strength (σYS) with T are demonstrated in Fig. 2. 
It can be found from Fig. 2(a) that an increase in strain 
rate leads to the disappearance of strain softening 
phenomenon at T≤473 K and raises the flow stress and 
σYS at T≥473 K. With raising T, the σYS monotonically 
decreases at 1×10−3 s−1, whereas the σYS slowly decreases, 
and then increases at 473 K followed finally by a rapid 
decline at 1×10−2 s−1 (Fig. 2(b)). 
 
3.2 Surface deformation and damage characteristics 

The SEM images of surface deformation features 
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near the central parts on the lateral surfaces of 
ECAP-treated Al compressed at different temperatures 
and two strain rates are typically given in Figs. 3 and 4, 
respectively. 

For all compressed samples, surface deformation 
characteristics are basically similar, namely, the 
large-scale shear bands (SBs) almost appear over the 
whole surface deformation regions. But there still exist 
some distinct differences at various deformation 
temperatures and the same strain rate. For example, with 
increasing T, the secondary SBs become more prominent 
at 1×10−3 s−1 (Figs. 3(a) and (b)). As T is 473 K, the 
amount of secondary SBs decreases and some cracks 

along SBs are formed (Fig. 3(c)). As T is raised up to as 
high as  573 K, the secondary SBs basically disappear 
and a number of cracks are observed (Fig. 3(d)). The 
similar results were also found in the UFG Cu, in which 
large-scale SBs cannot be formed at high temperature 
cyclic stressing [20]. However, in the case at 1×10−2 s−1, 
the secondary SBs become more obvious with increasing 
T (Fig. 4), and only a small amount of micro-cracks are 
detected at 298 and 373 K, respectively (Figs. 4(a) and 
(b)). 

In summary, the compressive plastic deformation of 
ECAP-treated Al is mainly governed by shear 
deformation in the form of SBs. With increasing T, the 

 

 
Fig. 2 Comparison of compressive true stress−strain curves of ECAP-treated Al at three typical deformation temperatures and two 
strain rates (a), and variation of σYS with deformation temperature at two strain rates (b) 
 

 
Fig. 3 SEM images of surface deformation features near central parts on lateral surfaces of ECAP-treated Al compressed at different 
temperatures and strain rate of 1×10−3 s−1: (a) 298 K; (b) 373 K; (c) 473 K; (d) 573 K 
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Fig. 4 SEM images of surface deformation features near central parts on lateral surfaces of ECAP-treated Al compressed at different 
temperatures and strain rate of 1×10−2 s−1: (a) 298 K; (b) 373 K; (c) 473 K; (d) 573 K 
 
secondary SBs in amount first increase and then decrease 
at 1×10−3 s−1, even disappear at 573 K, and meanwhile, a 
lot of cracks are formed at T≥473 K. Whereas at  
1×10−2 s−1, the secondary SBs become more obvious as T 
increases, and a small amount of micro-cracks are 
observed only at T<473 K. 
 
3.3 Microstructures 

Figure 5 displays the TEM images of the initial 
microstructures of as-ECAP-treated pure Al. The 
microstructure is primarily composed of sub-grains  
(SGs) with an average size of about 1 μm (Fig. 5(a)), and 
the dislocation density in some SGs is higher (Fig. 5(b)). 

The TEM images of the ECAP-treated Al 
compressed to an engineering strain of 45% at different 
deformation temperatures and strain rates are given in 
Fig. 6. 

The microstructures of ECAP-treated Al 
compressed at different deformation temperatures and 
strain rates are still composed of SGs, but their size and 
the density of dislocations in SGs vary with T and strain 
rate. For example, the average size of SGs at 1×10−3 s−1 
is smaller than that at 1×10−2 s−1 and 298 K (Figs. 6(a) 
and (b)), which is attributed to the continuous occurrence 
of dynamic recovery at 1×10−3 s−1 induced by the 
combined effects of external loading and relatively high 
atom mobility at a low strain rate. As T is 473 K, the 
growth of SGs is observed, and their size distribution 
becomes non-uniform, especially at 1×10−3 s−1, whereas 

the dislocation density in SGs is higher at 1×10−2 s−1 
(Figs. 6(c) and (d)). As T is as high as 573 K, the growth 
of SGs becomes more remarkable, especially at   
1×10−3 s−1, and the dislocation density in SGs is still 
higher at 1×10−2 s−1 (Figs. 6(e) and (f)). 
 
4 Discussion 
 

The dislocations are difficult to generate from the 
GBs having a non-uniformly distorted dislocation 
structure for UFG metals and alloys processed by   
SPD [21,22]. The lack of sufficient dislocation activity 
leads to the operation of SBs as an alternative 
mechanism to sustain the applied strain [23], thus 
causing that the corresponding deformation and damage 
characteristics are manifested as the formation of a lot of 
SBs and cracks along SBs, as shown in Figs. 3 and 4. 
The similar phenomenon was also observed in UFG Al 
alloy [24], especially at higher strain rates. 

To undertake the initial deformation, a certain 
number of SBs need to be initiated, and the initiated SBs 
can pass through the impediments, such as grain 
boundaries (GBs), sub-GBs or grain interiors. The above 
two processes determine the initial plastic deformation 
ability of materials. The change in flow stress during the 
compressive plastic deformation is primarily dependent 
upon the combined influences of the SB initiation and 
propagation abilities and the dynamic recovery or 
recrystallization degree. Pure Al has a higher stacking 
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Fig. 5 TEM images showing initial microstructure of as-ECAP-treated pure Al 
 

 
 
Fig. 6 TEM images of ECAP-treated Al compressed to engineering strain of 45% at different deformation temperatures and two 
strain rates: (a, c, e) 298, 473 and 573 K respectively at 1×10−3 s−1; (b, d, f) 298, 473 and 573 K respectively at 1×10−2 s−1 
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fault energy, and dynamic recovery is thus easier to 
occur during deformation due to rapid dislocation climb 
and cross slip, as shown in Figs. 5 and 6, namely, only 
SG structures are developed, even at T above the 
recrystallization temperature (≈(0.25−0.35)Tm, where 
Tm=933 K, the melting point of pure Al [25]); this is 
fully different from the case in UFG Cu with a medium 
stacking fault energy, for which dynamic 
recrystallization occurs at T above the recrystallization 
temperature [8,26,27]. 

The formation of SGs in as-ECAP-treated pure Al 
(Fig. 5) indicates that dynamic recovery occurred during 
ECAP processing, which will release a part of elastic 
strain energy introduced by ECAP, and the resistance to 
the formation and propagation of SBs is thus enhanced. 
However, the mobility of atoms is weak at a high strain 
rate, which will delay the release of residual elastic strain 
energy and the annihilation of mobile dislocations at 
GBs or sub-SGs, and thus promote the formation and 
propagation of SBs, resulting in the decrease of σYS at 
1×10−2 s−1 and 298 K compared with the case at 1×10−3 
s−1. Here, the formation of SBs along single direction can 
bear the initial plastic deformation, but this also leads to 
the formation of some micro-cracks along SBs      
(Fig. 4(a)). With increasing T, the σYS continuously 
declines at two strain rates, but the difference in σYS 
becomes small due to the enhanced thermal activation of 
atoms along with enhanced dislocation mobility and 
easier GB motion. As T is close to or higher than the 
recrystallization temperature of pure Al, e.g., T ≥ 473 K, 
static recovery first occurs, which has produced a 
detrimental influence for the SB formation and 
propagation; however, a low strain rate will lead to the 
growth of SGs, which not only promotes the dislocation 
slip [26], but also decreases the resistance of SB 
propagation, so the σYS continuously drops at 1×10−3 s−1, 
and meanwhile, the SBs almost along one direction and a 
lot of micro-cracks are formed. However, for the case of 
1×10−2 s−1, slower atomic mobility inhibits the growth of 
SGs formed by static recovery, which will increase the 
resistance of SB propagation. In order to accommodate 
the initial deformation, the SBs along multiple directions 
need to be initiated, and the σYS is thus largely increased 
and much higher than that at 1×10−3 s−1 at the same T. 
Meanwhile, the initiation possibility of cracks along SBs 
declines due to the formation of SBs along 
multi-direction. 

The flow stress during compression is characterized 
by strain softening followed with finally slight strain 
hardening at 1×10−3 s−1 as T is 423 K or 473 K. Although 
these two temperatures are below the recrystallization 
temperature of pure Al, dynamic recovery has taken 

place at two strain rates (Fig. 6). A low strain rate would 
lead to an earlier occurrence of dynamic recovery, and 
subsequently, the non-uniform growth of SGs takes  
place, thus leading to the first occurrence of strain 
softening. With continuous raising of strain amount, the 
SB formation becomes more difficult due to the 
occurrence of dynamic recovery and the growth of some 
SGs, as shown in Figs. 3(c) and (d), namely, secondary 
SBs become inconspicuous, which causes a finally slight 
strain hardening at 1×10−3 s−1. However, at a high strain  
rate, dynamic recovery occurs later due to lower atomic 
mobility. In this case, the amount of accumulative elastic 
strain introduced by ECAP and subsequent compression 
deformation is higher, which promotes more intensive 
occurrence of dynamic recovery; meanwhile, the growth 
of SGs is not remarkable, because the compression test 
has finished before the occurrence of obvious SG 
coarsening. The fine-sized SGs formed by the rapid and 
intense dynamic recovery enhance the difficulty in SB 
formation and propagation, which offsets strain softening 
induced by dynamic recovery. Therefore, strain softening 
phenomenon disappears at 1×10−2 s−1. As T is above 473 
K, although it becomes more difficult for the formation 
and propagation of SBs, the notable growth of SGs along 
with the reinforced dislocation slip and GBs or sub-GBs 
motion result in the continuous decrease in flow stress at 
two strain rates. However, the flow stress is higher at 
1×10−2 s−1, which stems from the smaller size of SGs, 
higher density of dislocations in SGs, and the 
non-formation of cracks along SBs. 
 
5 Conclusions 
 

1) As the strain rate is 1×10−3 s−1, ECAP-treated Al 
undergoes a strain softening stage followed by a finally 
slight strain hardening after an initially rapid strain 
hardening at deformation temperatures of 373 K and  
473 K, whereas at 1×10−2 s−1, strain softening 
phenomenon disappears. As T is above 473 K, 
continuous strain softening is exhibited at two strain 
rates. With raising T, the σYS monotonically decreases at 
1×10−3 s−1, whereas the σYS slowly decreases, and then 
increases at 473 K followed finally by a rapid decline at 
1×10−2 s−1. The increase in strain rate largely raises the 
σYS and flow stress at 473−573 K. 

2) The compressive plastic deformation of 
ECAP-treated Al is mainly governed by shear 
deformation. The secondary SBs can be clearly observed 
with increasing T at 1×10−3 s−1; however, as T≥473 K, 
the secondary SBs in amount decrease, even disappear, 
meanwhile, more cracks are formed. Whereas at  
1×10−2 s−1, the secondary SBs become more obvious 
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with increasing T, and micro-cracks are only observable 
at T below 473 K. 

3) The microstructures of as-produced and 
uniaxially compressed ECAP Al samples are primarily 
composed of SGs. The increase in strain rate prohibits 
the coarsening of SGs, thus leading to a uniform size 
distribution of SGs. 
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等通道转角挤压超细晶纯铝高温压缩 
变形特点的应变速率依赖性 

 
颜 莹 1，齐 跃 1，陈立佳 2，李小武 1,3 
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3. 东北大学 材料各向异性与织构教育部重点实验室，沈阳 110819 

 
摘  要：为了探索应变速率对超细晶材料高温变形特点的影响，通过压缩实验以及显微观察，系统研究在不同温

度和应变速率下等通道转角挤压 Al 的变形和损伤特点以及显微微组织。结果表明：应变速率的提高消除了等通

道转角挤压 Al 在变形温度 T≤ 473 K 时表现出的应变软化现象，并且大大提高了变形温度在 473~573 K 范围的屈

服强度和流变应力。等通道转角挤压 Al 的塑性变形主要由剪切变形控制。当应变速率为 1×10−3 s−1 时，变形温度

T ≥ 473 K 时可观察到沿剪切带形成了大量裂纹，并且二次剪切带基本消失。而当应变速率为 1×10−2 s−1时，只有

在变形温度低于 473 K 时才能观察到沿剪切带形成的裂纹，并且当压缩温度 T≥ 473 K 时，二次剪切带变得更加清

晰。等通道转角挤压 Al 的显微组织主要由亚晶组成，应变速率的提高抑制了亚晶的长大，从而导致高温屈服强

度和流变应力的提高。 

关键词：等通道转角挤压；纯铝；应变速率；高温压缩；变形；损伤；显微组织 

 (Edited by Xiang-qun LI) 
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