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Abstract: Ultrafine grain pure aluminum was produced by equal channel angular pressing and cold rolling, the deformed aluminum 
was annealed at 200 °C for 1 h. The tensile curves of deformed and annealed aluminum show that yield strength of deformed 
aluminum increases by 100%−300% and its elongation decreases by about 20%. After low temperature annealing, strength of 
annealed aluminum increases by 20% and elongation decreases by over 50%, the recovery of dislocations may be the main cause of 
annealing strengthening. In addition, there is an abrupt stress drop in the tensile curves of annealed aluminum and the formation of 
shear band is responsible for it. 
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1 Introduction 
 

Ultrafine grain materials especially nanomaterials 
have aroused the interests of researchers for their novel 
physical, chemical and mechanical properties. Severe 
plastic deformation (SPD) technologies prove effective 
methods which improve mechanical properties by 
refining the traditional coarse materials to ultrafine gain 
or nanocrystalline materials[1−2]. Equal channel angular 
pressing (ECAP) is one the of the important methods of 
severe plastic deformation. 

Most researches of ultrafine grain materials 
prepared by ECAP focused on the microstructure 
evolution and mechanical properties of ultrafine grain 
materials[3−7]. Heat treatment is a traditional technique 
to improve the mechanical properties of materials, 
related researches show that low temperature annealing 
is beneficial to the microstructure refinement and 
strengthening of ultrafine grain aluminum. Meanwhile, 
annealing promotes the stability of subgrain and multiple 
slip of dislocations[8]. The intermediate annealing is 
helpful to form equiaxed ultrafine-grains with high angle 
grain boundaries in the multi-pass ECAP. The content of 
high angle grain boundaries increases during annealing 
while the grain size keeps stable. So, the ductility of 
materials is improved without the cost of strength[9]. 

However, the influence of low temperature annealing on 
the mechanical properties of ultrafine grain materials is 
still to be studied. 

In this work, an ultrafine grain material is produced 
by ECAP on commercially pure aluminum and then 
subjected to annealing at 200 °C for 1 h. Uniaxial tensile 
is conducted on deformed and annealed material to 
explore the influence of low temperature annealing on 
the mechanical properties of ultrafine grain aluminum. 
 
2 Experimental 
 

Commercial pure aluminum (99.8%) was used in 
this work to avoid the influence of phase transformation 
during the deformation and annealing. The mechanical 
properties of raw material were listed in Table 1. 

A billet with dimensions of 12 mm×12 mm×80 mm 
was cut from the raw material and pressed 4 passes in a 
mould with 90° channel angle. To obtain equiaxed 
ultrafine grain material with the fewest passes, the billet  
 
Table 1 Mechanical properties of commercial pure 
aluminum[10] 

Yield strength/MPa 
Ultimate tensile 
strength/MPa 

Elongation/%

30−60 80−120 25−50 
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was rotated 90° along its axis after each pass (route Bc). 
The accumulated equivalent strain in ECAP was 4.62. 
Then, the billet was cold rolled along the pressing 
direction and the rolling plane was the Z plane described 
in Refs.[11−12]. The total reduction was 98%. Finally, 
deformed aluminum was annealed at 200 °C for 1 h. 

Tensile specimens were sliced from the deformed 
and annealed aluminum by electrode discharge 
machining. The gauge section of tensile specimen was  
3 mm×0.2 mm×10 mm with the long axis parallel to the 
rolling direction of billet. Tensile test was conducted in a 
Zwick/Roell BTC-FR020TN.A50 test machine at room 
temperature with a constant crosshead speed and the 
initial stain rate was 3×10−6 and 3×10−3 s−1. The stress at 
0.2% residual strain was defined as yield strength 
because of the unapparent yield of pure aluminum during 
tensile test. Fracture surface was observed by an Hitachi 
S−520 scanning electron microscope at an accelerating 
voltage of 20 kV. TEM observation was conducted on a 
JEOL JEM-200CX transmission electron microscopy at 
an accelerating voltage of 200 kV. The TEM slices were 
prepared by standard procedure. The grain size of 
deformed and annealed aluminum was measured directly 
from the grains with well-defined grain boundaries. 
 
3 Results and discussion 
 

The tensile curves of deformed and annealed 
aluminum are shown in Fig.1. It is obviously that the 
mechanical properties of aluminum change greatly after 
severe deformation by analyzing the data in Fig.1 and 
Table 1. Comparing with raw state, the yield strength of 
deformed aluminum increases by 100%−300% and 
ultimate strength increases by 50%, but the elongation of 
deformed aluminum decreases by over 80%, which are 
the typical characteristics of ultrafine grain materials[1]. 
Compared with deformed aluminum, the strength of 
annealed aluminum increases and the elongation 
decreases distinctly. In addition, the strength increases 
 

 
Fig.1 Stress — strain curves of deformed and annealed 
aluminum at different strain rates 

and the elongation decreases with increasing strain rate 
in deformed and annealed aluminum. The mechanical 
properties of deformed aluminum are more obviously 
influenced by the strain rate than those of annealed 
aluminum. The strength of annealed aluminum is about 
20% higher than that of deformed aluminum at the same 
strain rate. The elongation of annealed aluminum is over 
50% lower than that of deformed aluminum at the same 
strain rate. Besides the difference of mechanical 
properties, there are significantly different tensile 
behaviors between deformed and annealed aluminum, 
deformed aluminum reveals obvious homogenous 
deformation and annealed aluminum reveals an 
interesting phenomenon— stress drop—during tensile 
test. Necking phenomenon and dimples can be seen on 
the fracture surfaces of deformed and annealed 
aluminum, as shown in Fig.2. The dimples in annealed 
aluminum are less than those in deformed aluminum. 

To demonstrate the cause of tensile behavior 
difference, the fine structures of deformed and annealed 
aluminum before tensile test are observed by TEM. The 
typical TEM images are shown in Fig.3. The grains are 
elongated in deformed and annealed aluminum, grain 
size of deformed and annealed aluminum is measured 
from TEM pictures. The average sizes of deformed and 
annealed aluminum are about 700 nm×280 nm and 830 
nm×310 nm, respectively. The grains grow slightly 
during low temperature annealing, but the distinct 
contrast difference of TEM image implies the marked 
annihilation of dislocations. 

When the billet is pressed through the channel 
corner in ECAP, pure shear strain is introduced and shear 
bands form. The amount of high angle grain boundary is 
high in shear bands. During the multi-pass ECAP with 
route Bc, shear plans and shear directions interact, so the 
formed shear bands interact with high angle grain 
boundaries. Meanwhile, the severe plastic strain 
introduced by ECAP makes dislocations multiplicate. 
The high density dislocations interact and tangle in their 
migration, so cell structures form and a large number of 
dislocations are absorbed by subgrain boundaries. Finally, 
equiaxed ultrafine-grain microstructure develops under 
the control of grain subdivision mechanism[13], and the 
amount of high angle grain boundary is high in 
ultrafine-grain microstructure. The microstructure is 
continually refined and the amount of high angle grain 
boundary increases under the rolling strain. The 
50%−90% rolling strain leads to the formation of grain 
boundaries with high angle ranging from 10° to 30°[14]. 
Grain boundaries are in nonequilibrium and high energy 
state. 

The plastic deformation occurs when the stress in 
slip system reaches a critical value. The pileup of 
dislocations in boundaries results in stress concentration 
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Fig.2 Fracture morphology of deformed aluminum at strain rate of 3×10−6 s−1 (a) 3×10−3 s−1 (b) and annealed aluminum at strain rate 
of 3×10−6 s−1 (c) and 3×10−3 s−1 (d) 
 

 
Fig.3 TEM images of deformed (a) and annealed (b) aluminum before tensile 
 
and is helpful to slip. The grain size of ultrafine 
microstructure is relatively small, so the distance between 
high angle grain boundaries is short. In addition, high 
angle grain boundaries are effective sinks of dislocations. 
Therefore, mobile dislocations in ultrafine materials are 

not enough, which leads to the phenomenon that strength 
of deformed state is higher than that of raw state. 
Moreover, the lack of mobile dislocations makes the 
dislocations tangle difficultly, so necking occurs in early 
stage in tensile test and ductility decreases[15]. 
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Recovery or recrystallization occurs in the 
annealing of ultrafine-grain materials. Dislocations in 
grain boundaries rearrange to form more stable low angle 
grain boundaries when ultrafine grains recover. The low 
temperature annealing of severe plastic deformed 
aluminum shows that the width of low angle grain 
boundaries narrows when annealed at 150 °C for 30 min, 
which means the dislocations at boundaries rearrange 
and the density of dislocations inside grains decreases 
obviously[16]. High angle grain boundaries in ultrafine 
grains decrease the number of dislocation source. In 
tensile test, the yield strength has to increase to activate 
new dislocations and the dislocations bear strain. So, the 
decreasing density of intragranular dislocations in 
annealing results in the decrease of elongation[16]. 
Meanwhile, the decrease of dislocation density after 
annealing makes mobile dislocations fail to satisfy 
applied stain rate. The dislocation absorption of grain 
boundary increases and stress concentration in grain 
boundary decreases after annealing, which makes the 
deformation difficult to extend to adjacent grains, 
therefore, heterogeneous deformation occurs. The 
formation of shear bands may contribute to the stress 
drop in tensile test of annealed aluminum[15]. 

Moreover, the migration of high angle grain 
boundary slows down in most cases because of the 
conflict of growing grains. In addition, deformed grains 
have similar crystallographic orientation. The conflict 
makes the high angle grain boundaries with high 
mobility become low angle grain boundaries with low 
mobility[14]. The stability enhancement of grain 
boundary and subgrain boundary after annealing 
increases the tensile strength. So, the ductility decreases 
and mechanical properties are less sensitive to strain rate 
in annealed aluminum. 
 
4 Conclusions 
 

1) Yield strength of pure aluminum increases by 
100%−300% and the elongation decreases by about 20% 
after four-pass ECAP and 98% cold rolling. 

2) Compared with deformed aluminum, strength of 
aluminum increases by 20% and elongation decreases by 
about 50% after annealing at 200 °C for 1 h. The 
recovery of dislocations is the main cause of anneal 
strengthening. 

3) There is an obvious stress drop in the tensile 
strength of annealed aluminum and the formation of 

shear band is responsible for it. 
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