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ABSTRACT  

By decreasing the temperature of the tensile tests from 293 to 77 K, a drastic increase in ductility 

(elongation to failure ~ 40 % and uniform elongation ~ 25 %) was demonstrated for the first time, along 

with an increase in strength (yield stress ~ 235 MPa and ultimate tensile strength ~ 265 MPa) for ultrafine-

grained aluminium structured by combination of equal-channel angular pressing and cold rolling with 

subsequent annealing. The increase in ductility at 77 K is accompanied by an increase in the strain 

hardening coefficient. The physical reasons for the significant increase in ductility at 77 K are discussed in 

comparison with the peculiarities of microstructure. The obtained combination of ductility and strength 

opens up prospects for the use of this material at cryogenic temperatures, as well as the application of 

cryogenic temperatures for the formation of its products of complex shapes. 
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Introduction 

Grain refinement by severe plastic deformation (SPD) methods is widely used to increase 

the strength of aluminium and its alloys [1–6]. As a result of such processing, an ultrafine-

grained (UFG) structure is formed, with an average grain size usually ranging from 100 to 

1000 nm, depending on the SPD method used, processing parameters, and the chemical 

composition of the specific alloy [1]. The most widely used SPD methods currently are 

equal-channel angular pressing (ECAP), high-pressure torsion (HPT), and accumulative 

roll bonding [1,3,7–9]. The formation of UFG structure leads to a significant (several 

times) increase in strength, however, ductility is significantly reduced [1,7,10].  

The reduction in ductility greatly complicates the processing of such materials and, 

consequently, limits their industrial application. The traditional method for increasing 

ductility is a suitable annealing at specific temperatures and durations. However, the 

increase in ductility in this case is accompanied by grain growth and, consequently, leads 

to significant decrease in strength [11,12]. The thermal stability of UFG materials 

decreases with increase in their chemical purity and decrease in grain size, which leads 

to decrease in strength when using, for example, hot pressing for the manufacture of 

products from them. Previously, we suggested a new approach to achieve significant 

increase in ductility at room temperature (RT) while maintaining high strength of UFG Al 

(99.6 wt. %), structured by the HPT method [13]. This approach presents the use of a 

special deformation-heat treatment (DHT), consisting of low-temperature annealing and 
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additional small HPT deformation at RT. As a result of such DHT, a good combination of 

strength (yield stress σ0.2 ~ 130 MPa and ultimate tensile strength σUTS ~ 180 MPa) and 

ductility (elongation to failure δ ~ 34 % and uniform elongation δ1 ~ 19 %) at RT was 

achieved for HPT Al [14]. As was shown, the increase in ductility of HPT Al after such DHT 

is due to increase in the degree of non-equilibrium of high-angle grain boundaries 

through their relaxation and subsequent introduction of additional density of extrinsic 

dislocations into them [15,16]. However, such DHT did not ensure high ductility in UFG 

Al, in which the UFG structure was formed by a combination of ECAP and cold rolling (CR) 

methods [17]. As a result of structuring aluminium by the combination of ECAP and CR 

methods with subsequent annealing at 150 °C for 1 h, remarkable strength 

(σ0.2 ~ 182 MPa, σUTS ~ 212 MPa) was achieved and thermal stability of properties up to 

150 °C, at least [17]. At the same time, δ was equal to ~ 9.6 %, and δ1 was only ~ 1.2 %, 

indicating low formability of this material at RT. 

In the present work, it has been shown that deformation at cryogenic temperatures 

(77 K) of samples structured by the combination of ECAP and CR methods followed by 

annealing (T = 150 °C, t = 1 h), provides a drastic increase in ductility accompanied by 

increase in strength. The achieved ductility, primarily uniform elongation, indicate the 

prospects of using Al structured in this way for products operating at low temperatures, 

as well as for deformation treatments of this material under cryogenic temperature 

conditions. 

 

Materials and Methods 

Commercially pure Al (A7E, 99.7 wt. % Al) was chosen for the study. The UFG structure 

was formed by combination of ECAP (4 passes, via route BC, the angle between channels 

is 90°) and CR (total thickness reduction ~ 90 %), followed by annealing at T = 150 °C  

for 1 h (Al_ECAP+CR+AN state). Mechanical properties were studied by uniaxial tensile 

tests using the blade-shaped samples with a gauge size of 2.0 × 1.0 × 6.0 mm3 (the gauge 

length was oriented along the rolling direction). Tensile tests were carried out on a 

Shimadzu AG-50kNX testing machine with a constant strain rate of 5 × 10−4 s−1 at RT, as 

well as in liquid nitrogen (at 77 K). At least three samples were tested for each state and 

temperature. The yield stress (σ0.2), ultimate tensile strength (σUTS), elongation to failure 

(δ) and uniform elongation (δ1) were determined from the obtained stress-strain curves. 

The microstructure of samples was studied by transmission electron microscopy (TEM) 

using a JEOL 2100 microscope at an accelerating voltage of 200 kV. TEM studies were 

carried out in the plane marked in red in Fig. 1(a), which is formed by the rolling direction 

(RD) and the direction normal to the rolling plane (ND). Analysis of the obtained 

microstructure images was carried out using ImageJ software. Samples for TEM studies 

were prepared by mechanical polishing followed by twin-jet electropolishing in solution 

of nitric acid (25 %) in methanol at -25 °C at an operating voltage of 25 V. 
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Results and Discussion 

A typical TEM image of the microstructure is shown in Fig. 1(a). Based on a series of TEM 

images obtained, grain sizes were measured using ImageJ software. The size of each grain 

was determined by estimating the diameter of a circle equivalent in area to each 

individual grain. The grain size distribution obtained on the basis of ~ 100 grains is shown 

in Fig. 1(b). The average grain size is (dG) ~ 665 nm. According to data obtained by electron 

backscatter diffraction, such structure contains predominantly (67 %) high-angle grain 

boundaries [17]. Despite the annealing at 150 °C, dislocations are clearly visible in some 

grains (Fig. 1(a)). According to X-ray diffraction analysis, the dislocation density in the 

Al_ECAP+CR+AN state is ~ 1.6 × 1012 m-2 [17]. 

 

 
 

(a) (b) 

Fig. 1. (a) – typical TEM image of Al_ECAP+CR+AN samples in RD-ND plane with indication of the 

sample orientation relative to the rolling direction RD; ND and TD - normal and transverse directions, 

respectively; (b) – statistical grain size distribution for Al_ECAP+CR+AN. wRT, w77K – the steady-state 

subgrain size at RT and 77 K, respectively (see the explanation in the text); f (dG < wRT), f (dG < w77K) – 

fractions of grains with the grain size dG smaller than wRT, and w77K, respectively 

 

Figure 2 shows the stress-strain curves of the Al_ECAP+CR+AN samples at RT and 

77 K. For comparison, the stress-strain curve of Al in the initial coarse-grained state (CG) 

at RT is also presented. The mechanical characteristics of the Al_ECAP+CR+AN samples 

at RT are similar to those we obtained previously [17]. As is seen (Fig. 2), the strength 

characteristics of the material in the UFG state Al_ECAP+CR+AN significantly exceed 

those in the initial CG state. In the UFG state, compared to the CG state, the value of σ0.2 

increased from ~ 35 to ~ 185 MPa, and the value of σUTS increased from ~ 50 to ~ 215 MPa. 

The value of δ at RT drops by 4 times, from ~ 40 % in the CG state to δ ~ 10 % in the UFG 

state. The uniform elongation becomes very low (δ1 ~ 1 %), which indicates the 

localization of deformation in UFG Al immediately after the onset of plastic flow. 

However, the Al_ECAP+CR+AN samples demonstrate excellent ductility at 77 К (curve 3 

in Fig. 2): δ reaches ~ 40 %, and uniform elongation is ~ 25 %, which exceeds δ1 at RT by 

~ 25 times. The increase in ductility of UFG Al at 77 K is accompanied by a noticeable 

increase in the strength (by ~ 1.3 times). The values of σ0.2 and σUTS increased from ~ 185 

to ~ 235 MPa and from ~ 215 to ~ 265 MPa, respectively. 
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Fig. 2. Stress-strain curves of Al in the CG state (1) and in the UFG state Al_ECAP+CR+AN (2, 3)  

at RT (1, 2) and 77 K (3) 

 

Figure 3 shows the stress-strain curves in true coordinates and the corresponding 

dependences of strain hardening coefficient ( = dσtr/dtr, where σtr is true stress and tr is 

true strain) on true strain for UFG Al in the Al_ECAP+CR+AN state at different deformation 

temperatures.  

 

 
(a) 

 
(b) 

Fig. 3. (a) – true stress-strain curves of Al_ECAP+CR+AN at RT (curve 1) and 77 K (curve 2);  

(b) – the strain hardening coefficient as a function of true strain for Al_ECAP+CR+AN at RT (curve 1) 

and 77K (curve 2) 

 

As is seen, the value of  at RT sharply decreases to negative values when the strain 

is very small, that indicates low ability of UFG Al to strain hardening. At 77 K, the 

Al_ECAP+CR+AN samples show strain hardening (  > 0) until a large strain of ~ 25 % is 

reached (Fig. 3(b)). The high ductility of Al in the Al_ECAP+CR+AN state at 77 K opens up 

prospects for using this material to form products of complex shapes. High ductility at 

cryogenic temperature (77 K) was also demonstrated by UFG Al structured only by the CR 

method (Al_CR) [18]. However, Al_CR showed significantly lower strength at RT:  

σ0.2 ~ 134 MPa and σUTS ~ 140 MPa, which are 1.35 and 1.5 times lower, respectively, than 

the such characteristics of Al_ECAP+CR+AN. At 77 K, both strength characteristics (σ0.2 and 

σUTS) of Al_CR are also approximately 1.3 times lower than those of Al_ECAP+CR+AN. UFG 
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Al structured only by ECAP also has lower strength (σ0.2 ~ 150 MPa and σUTS ~ 180 MPa) 

and low ductility (1 ~ 3.9 % and  ~ 14 %) at RT [19]. The yield stress of UFG Al samples 

structured by HPT is ~ 1.4 times lower compared to σ0.2 of Al_ECAP+CR+AN samples. For UFG 

Al structured by HPT, no increase in ductility is observed at 77 K compared to that at RT [20]. 

At 77 K, the ductility of Al_HPT is  ~ 19 % with uniform elongation 1 ~ 1 % in both 

states: with and without subsequent annealing at T = 150 °C for t = 1 h [20]. Thus, 

comparison of mechanical properties of Al_ECAP+CR+AN and UFG Al structured by other 

SPD methods at RT shows that the Al_ECAP+CR+AN samples have the best strength. 

As is known, at large plastic deformation a subgrain structure develops in the initial 

CG material as a result of the rearrangement of dislocations accumulated during 

deformation [21,22]. When the strain reaches a critical value, the stationary regime of 

dynamic equilibrium of the nucleation and annihilation of dislocations is established, and 

a steady-state subgrain size w is reached. According to [23], the steady-state subgrain 

size is determined as: 

𝑤 = 𝑘𝑤
𝑏𝐺

𝜎𝑡𝑟
𝑚𝑎𝑥,                (1) 

where kw is a constant in the range 10–30, G is the shear modulus, b is the value of 

Burgers vector and 𝜎𝑡𝑟
𝑚𝑎𝑥 is the maximum true stress obtained from the stress-strain 

curves in true coordinates. 

It is known that the value of the parameter w decreases with decreasing 

temperature and increasing strain rate [24,25]. At low temperatures, dynamic recovery 

(annihilation of dislocations and rearrangement of the dislocation structure) is 

suppressed, which contributes to a greater accumulation of dislocations during 

deformation. As a consequence, the free path of mobile dislocations decreases. The level 

of flow stress increases, that can promote the activation of additional sources of 

dislocations, leading to an overall increase in dislocation density. These dislocations can 

interact with each other and form a cell/subgrain dislocation structure with a lower w 

compared to the case of deformation at RT [24]. According to [18,22], the grain size dG in 

a UFG structure relative to the parameter w at a given temperature and strain rate can 

play a decisive role in determining the overall deformation behavior of the material. In 

UFG alloys with a predominant grain size dG < w, dislocations emitted from grain 

boundaries will glide to the opposite boundary (in the absence of any obstacles) and be 

embedded into it. Such dynamics of dislocations leads to a very slight or almost complete 

absence of strain hardening of the material, the rapid achievement of instability state 

(localization of deformation) in accordance with the Considère criterion: σ =  [26,27], 

and, consequently, to low tensile ductility, primarily to low uniform elongation. In a UFG 

structure with a grain size dG > w, emitted dislocations can interact with each other, 

accumulate, and form a cell/subgrain structure and, as a result, promote strain hardening. 

In the present work, we estimated the parameter w for UFG Al_ECAP+CR+AN  

for deformation conditions at RT (wRT) and 77 K (w77K) according to Eq. (1). Using the values 

of G = 26 GPa at RT and 29.2 GPa at 77 K for Al [28], b = 0.286 nm [29] and the widely used 

value kw = 20 for Al [30], as well as corresponding values of σtr
max determined from true stress 

– true strain diagrams (Fig. 3(a)), the values of wRT  730 nm and w77K  530 nm were obtained. 

A comparison of the estimated w-values with the experimentally obtained grain size 

distribution for UFG Al in the Al_ECAP+CR+AN state (Fig. 1(b)) shows that the majority of 
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grains (fraction of grains f  65 %) have a size dG smaller then wRT, therefore, at RT the 

accumulation of dislocations during deformation can occur mainly only in ~ 35 % of 

grains, that explains the low ductility at RT (Fig. 2). At the same time, the majority of 

grains (~ 75 %) meet the criterion dG > w77K; therefore, at 77 K, deformation with the 

accumulation of dislocations can occur in them promoting noticeable strain hardening, 

which is observed experimentally (Fig. 3) and explains the drastic increase in ductility at 

the cryogenic temperature (Fig. 2). 

 

Conclusions 

Thus, it was shown that UFG aluminium structured by a combination of ECAP and CR 

methods followed by annealing (T = 150 °C, t = 1 h) demonstrates drastic increase in 

ductility at 77 K compared with the ductility at RT.  The values of δ and δ1 increased 

respectively from ~ 10 % and ~ 1 % at RT to ~ 40 % and ~ 25 % at 77 К, while the strength 

also increased, reaching values of σ0.2 ~ 235 MPa and σUTS ~ 265 MPa at 77 K. The achieved 

large uniform elongation opens up prospects for the use of cryogenic temperatures for 

molding products of complex shapes from such high-strength UFG aluminum, as well as its 

use for operation at cryogenic temperatures. It was shown that the increase in ductility, 

both elongation to failure and uniform elongation at 77 K, is associated with an increase 

in the strain hardening coefficient with decreasing deformation temperature and a high 

fraction of grains with sizes exceeding the characteristic steady-state subgrain size at 77 K. 
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