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 Metal hydrides are among the optimum solutions for hydrogen storage in terms of 

effectiveness and safety. Magnesium and its alloys can reversibly absorb hydrogen in large 

amounts, so according to the DOE's requirements and making those materials attractive for 

applications. At first, determining a fast hydrogen saturation of Mg-based alloys consisted in 

grinding the materials up to micrometric grain size. A significant increase of the specific surface of 

the treated powders by plastic strain processing leads to delivering very reactive samples. Also, 

huge improvement of H-sorption characteristics of bulk Mg-alloys was shown to be efficient under 

Equal Channel Angular Pressing (ECAP) treatments. During ECAP treatments, the achievement of 

a fine grained microstructure in bulk samples is accompanied by the formation of a clear texture.   

The main achievements expected from the application of ECAP treatments to Mg-rich alloys 

are the formation of ultra-fine microstructures with high angle boundaries, which drastically 

changes the characteristics of the alloy; volume homogenization of the microstructure for the best 

final stability of the hydrogenation properties of the refined material. Since, in most cases, a two or 

even more ECAP passes should be applied to deliver highly reacting materials, the operating 

temperature must be adjusted in terms of ductile to fragile characteristics in order to avoid 

irreversible cracking of the bulk sample. 

After the application of the ECAP process, the resulting strain was characterized using 

different methods, such as mechanical engineering, numerical simulations and experimental 

methods. The present article reports on the sample strain process by using the grid evaluation 

method. 
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1. Introduction 

 

Hydrogen as an energy resource allows to create a 

closed system of future consumption and conservation of 

alternative sources of energy (sun, wind, etc.). In addition, 

hydrogen of high purity is a popular product for the 

chemical industry. Therefore, the development of elements 

for renewable storage and transportation of hydrogen is 

relevant and necessary. Hydrogen is usually stored in liquid 

or gaseous form. However, extremely high efficiency of the 

working element (~ 80 %), volume density (150 kg/m3) and 

purity (> 99.999 vol. %) of accumulated hydrogen can be 

simultaneously achieved by hydrogen storage in the form of 

metal hydrides and alloys. These include magnesium 

hydride (MgH2), which is one of the few compounds that 

meets the standards of the most important hydrogen 

programs of renewable energy storage systems [1]. 

The kinetics of magnesium hydride formation is limited 

by several factors. The main factor is the low rate of 

hydrogen diffusion in the hydride phase. Hydride 

nucleations formed on the sample surface at a hydrogen 

concentration in magnesium xα < 0,2 at. % [2] overlap, as 

they increase which does not allow hydrogen to get into a 

material. Because of this, bulk metals cannot be completely 

transformed into a hydride. For this purpose, it is necessary 

to mechanically grind magnesium into powder or 

(depending on the specific application) to produce 

magnesium samples in the form of a foil or a thin film. 

Authors of the study [3] were able to reveal a positive 

role of defects and internal stresses in improving the 

kinetics of sorption/desorption of hydrogen. They proved 

the advantage of magnesium obtained by mechanical 

grinding over magnesium obtained by precipitation from the 

gas phase, particles of which had an almost ideal spherical 

shape and a smooth surface without any defects. 

Fine structure of magnesium can be formed by simple 

and efficient methods of intensive plastic strain, for 

example, by equal-channel angular pressing. During ECAP 

treatments sample goes through a matrix consisting of two 

channels intersecting at an angle φ (usually angle value φ 

corresponds to 90, 105 and 120 degrees and varies 

depending on material plasticity) [4]. Generally stress state 

of the material depends on the intersection angle of the 

channels, applied pressure, friction, and presence of 

counter-pressure. Since the cross section of the sample does 

not change, strain can be repeated in order to achieve its 

extremely high degrees (approximately several units). 

Under certain conditions, strain of magnesium during 

ECAP treatments can lead to destruction of the sample. This 

fact provides a certain perspective for a material preparation 

for subsequent hydrogen saturation. Even if there were only 

a partial discontinuity of the sample during ECAP 

treatments, the subsequent high-energy grinding using 

planetary mill will come with a significant reduction of time 

spent on formation of structural state in the material, that 

can have high reversible hydrogen content. Therefore, 

conditions and scheme of ECAP treatments should not only 

the increase length of intergrain and subgrain boundaries in 

the material, but also create the maximum possible level of 

micro-stresses in the material, while reducing the tendency 

to plastic yielding.  

It should be considered that during ECAP treatments, 

depending of deformation conditions (and especially on 

heating temperature of the matrix), microstructure is formed 

due to plastic strain and, in some cases, due to (dynamic) 

recrystallization [5-7]. 

In the first case, dislocation structure and twin 

formation have an important role: one can observe glide of 

dislocations, increase of their density, rearrangement with 

small-angle boundaries formation, which due to the 

reconstruction of its structure and partial annihilation of 

accumulated dislocations are transformed into high-angle 

boundaries, as the degree of strain increases. In the second 

case, grain refinement is a result of recrystallization. If the 

migration of recrystallized grain boundaries into deformed 

matrix is difficult, the further microstructure evolution is 

limited by the increase of disorientation between the 

recrystallized grains and surrounding matrix [8].  

It is a well known fact that the occurrence and 

accumulation of new recrystallized grains in the magnesium 

structure lead to an increased material plasticity. In terms of 

necessity of microstructure refinement, this fact is bound to 

have a negative impact on size reduction of structural 

elements [9]. However, the results of the published 

researches [10-14] showed that the initial heating 

temperature of sample and ECAP matrix, at intersection of 

which channels plastic strain of the metal occurs, is usually 

considered as deformation temperature. But a combination 

of all the conditions of ECAP treatments: strain intensity 

(angle channels intersection), mode and temperature of 

passes, as well as speed of sample pass in the  channels can 

have a significant impact on the real sample temperature 

during intensive plastic strain.  

This becomes especially important during ECAP 

treatments in the range of values close to recrystallization 

temperature, in which changing is the leading mechanism of 

microstructure formation.   

However, the question of principles of micro-stresses’ 

(or micro-strains) change is still open. According to these 

principles would allow to determine necessary and suffi-

cient conditions for magnesium deformation during ECAP 

treatments in order to achieve the required structural state. 

 

2. Materials and Research Methods 

 

Strain of AZ31 alloy samples (96 % Mg, 3 % Al, 1 % Zn, 

weight %) after a single ECAP treatment at temperatures of 

200 and 170 °C was analyzed. The samples in the delivery 

condition had a form of a parallelepiped with a size of 

12×12×50 mm.  

Fig. 1 shows the sample surface before ECAP treatment 

with a mechanically (with a scalpel) applied initial grid with 

a square cell of 1.95  1.95 mm and a depth of not more 

than 0.1 mm, which does not affect the sample deformation 
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process. ECAP treatment was carried out in the matrix with 

the intersection angle of the channels of 105˚ and press 

punch speed of 3 cm/s. 

Before ECAP treatment, a special graphite lubricant 

was applied to the sample surface in order to reduce 

friction. However, the applied grid was damaged on some 

of the samples during the experiments.  

 

 
 

Fig. 1. Fragment of the sample surface with an initial grid 

 

Fig. 2 shows the lateral surface of the sample with a 

deformed grid after ECAP treatment at an initial 

temperature of 200 °C, and Fig. 3 shows the sample surface 

after ECAP treatment at an initial temperature of 170 °C. 

The arrow shows the direction of the sample movement. 

 

 
 

Fig. 2. Sample surface with a deformed grid (Т = 200 °С) 

 

 
 

Fig. 3. Sample surface with a deformed grid (Т = 170 °С) 

 

As the above mentioned figures show, at the initial 

temperature of T = 200 °C, the sample stays undamaged and 

at the temperature of T = 170 °C a lot of cracks occur, 

especially in tail and top parts of the sample. According to 

the results of the work [15], during the orthogonal ECAP 

treatments of magnesium alloy MA2-1 at a speed of 

15 mm/min cracks occur at the initial temperature of the 

sample less than 250 °C. 

The direction of the cracks (see Fig. 3) does not match 

the direction of the deformed grid edges, which makes it 

very difficult to evaluate strains in the crack formation area.    

The following method was used to determine 

displacement field and increments of strains. The grid 

method [16] uses initial and deformed grid "freezed-in" 

with the material or the Lagrangian grid, which is being 

deformed together with the material. Let us assume that at 

the  n-th stage of strain coordinates of grid nodes ,n n
k kx y  at 

the n+1-st stage of strain become coordinates 1 1,n n
k kx y   

relative to the current Cartesian coordinate system.      

We examine an approximation of the displacement 

increment field  ,х уdU dU dU  relative to one grid 

element, going successively across the main movement 

during the operation of ECAP treatment (see Fig. 4) from 

the element with nodes 1, 2, 3, 4 to the element with nodes 

4, 3, 5, 6.  

 

 
 

Fig. 4. Pattern of elements at the n-th and n+1-st stage of strain 

(numbering of grid nodes) 

 

We use a quadratic approximation of displacement field 

in the selected cells 
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where ,iA  iB   are parameters of approximation; 0,3.i   

The coordinates of the grid nodes at the n-th and n+1-st 

stages are connected with the following formulas: 
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The formulas (2) are two systems consisting of four 

linear equations, the total number of unknown variables ,iA  

iB  is eight.  

The components of increment of the Almansi finite 

strain tensor inside two selected elements, when transferring 

from the n-th to the n+1-st stage are calculated using the 

formulas [17]  
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In case of a plane strain the strain intensity increment is 

calculated as follows: 

      
2222

3 .
3

и х у x y xy           (6) 

Rows of initially vertical cells were treated. Each cell 

was treated separately: approximation constants of the 

displacement field were determined by solving the system 

of equations (2), which resulted in the expressions for 

components of the finite strain tensor (3)-(5); then the 

expressions obtained for different cells in one row were 

brought to a common coordinate system.  

 

3. Results and Discussions 

 

Fig. 5 shows the strain intensity distribution curves for 

the sample thickness (see Fig. 2) for rows 1 (curve 1),  

5 (curve 2), and 8 (curve 3). One can notice an increased 

strain intensity along the sample from the front part to the 

tail part, mainly occurring in the central and upper parts of 

the sample. The maximum level of strain intensity in lateral 

direction is observed in the central part of the sample. The 

maximum nonmonotonicity is observed in the front part of 

the sample. Lateral strain of the sample у and shear strain 

ху contribute the most to the strain intensity. It should be 

mentioned that uneven strain distribution in the cross 

section of the sample after ECAP treatments is noted by 

many researchers, for example [18]. 

The average value of the achieved strain intensity (see 

Fig. 5) corresponds to theoretical estimates [19], where  

u = 78 % (for intersection angle of 105°).  

 Lateral strain of the sample у is negative, in the middle 

and upper parts the strain is –90…–45 %, in the lower part 

it is –30…–15 %.  

The strain of cells along the axis of the sample in  

its middle and tail parts х is positive and in the range of  

0-10 %, in the front upper part of the sample there is a 

compression of up to – 30 %. 

 Thus, after passing the area of the channel, the 

intersection velocity of the sample slows down and cells in 

the front part of the sample are compressed along the 

movement direction. The main part of the sample (central 

and rear parts) is exposed to an intense lateral compression 

strain and shear strain.  

 
Fig. 5. Strain intensity distribution u over the height  

of the sample, Т = 200 °С 

 

 
 

Fig. 6. Strain intensity field on a part of the sample surface,  

Т = 200 °С 

 

Fig. 6 shows the strain intensity field on a part of the 

sample surface based on the experimental data for separate 

rows. Severe unevenness indicates the corresponding 

unevenness of the sample structure obtained during ECAP 

treatments.   

Fig. 7 shows the strain intensity distribution curves 

across the cracked sample (see Fig. 3) for three selected 

rows of cells: 1 (curve 1), 3 (curve 2), and 5 (curve 3).  

In the biggest part of the sample the strain intensity is in the 

range of 30-40 %, and in the central part it is more than 

75 %.  

 

 
Fig. 7. Strain intensity distribution u over the height  

of the sample, Т  = 170 °С 

 

Cracks formation is accompanied by unloading of some 

sample areas, which limits the strain development and leads 

to even more uneven strain distribution over the sample 
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cross section, compared to the strain at a temperature of 200 

°C. Cracks formation process depends on the value of 

critical strain (tensile elongation , %) controlled by the 

initial temperature of the sample. According to the data 

[20], with an increase of temperature by 50 °C, the tensile 

elongation of magnesium alloy increases by 25-30 %. Shear 

strains contribute the most to the strain intensity, just as 

with a temperature of 200 °С (see Fig. 5).  

Thus, the initial temperature of the sample plays an 

important role in achieving a certain degree of cumulative 

strain. The purpose of ECAP treatments is to achieve the 

most homogeneous strain (shear strain intensity) of the 

sample without cracks formation.  

Let us estimate the increase of the sample temperature 

during intense plastic strain. Energy conservation law in the 

adiabatic approximation (heat inflow equation) has the 

following form [21] 

 ,T

Т
с k W

t


 


 (7) 

where Т is temperature;  is density; с is the specific 

thermal capacity; W means work of plastic strain of the 

material per unit time; kТ  is a conversion coefficient of the 

work of plastic strain into heat. 

In terms of increments (assuming that density and 

specific thermal capacity are constant) the proportion for 

temperature change has the following form 

 ,T T и ис T k W k d        (8) 

where 

1/2
3

2
и ij ijS S

 
   

 
 is strain intensity and 

1/2
2

3

p p
и ij ije e

 
   

 
 is shear strain intensity.   

Mises flow rule for isotropic hardening of the loading 

surface has the following form 

  и s и     (9) 

where  s и   is the variable yield point of the sample 

material for tension/compression process (strain curve of 

the material  x x x     outside of the elastic limit). 

In this case, the value of temperature change during 

ECAP treatments can be expressed as 

    / .T s u uT k с d       (10) 

A simpler expression for the temperature increase can 

be obtained in terms of a certain "average" yield point ср
s  

during sample strain  

  / ср
T s uT k с     . (11) 

Density of magnesium alloys () = 1.74 g/cm3/g = 

1.77·10-5 MN·s2/m4; specific thermal capacity (c) =  

= 1.05 kJ/(kg·K) = 1.05·105 m2/(s2·K).  

In works [9, 22], following characteristic values of 

yield point and strength of AZ31 alloy were obtained during 

tests of magnesium alloy samples for axial compression 

before and after ECAP treatments at room temperature:  

T = 60 MPa, B = 290 MPa. The average value of the 

cumulative shear strain intensity in the sample according to 

the experiment (see Fig. 5, T = 200 °C) u  is 0.55-0.60, 

the maximum value u  is 0.72.   

For the initial AZ31 alloy at room temperature ср
s  is 

175 MPa. Reduction of the strength characteristics of the 

alloy for the test temperature T = 200 °C can reach 25 % 

[20], that is ср
s  (T = 200 °C) is 131.3 MPa. Value of the 

conversion coefficient of the work of plastic strain into heat 

is in the following range: kT = 0.85–0.95 [23, 24].  

With the formula (11) we can determine the value of 

additional heating of the sample during ECAP treatments: 

ΔT  35-40 °C, the maximum heating is ΔT  43-48 °C. We 

get similar results for the yield point at room temperature 
ср
s  = 175 MPa: ΔT  44–54 °С, the maximum heating is 

ΔT  58–64 °С.   

The specified temperature is reached within a very short 

time, then it drops due to thermal conductivity processes.  

It should be noted that due to the significant unevenness of 

the strain distribution over the sample cross section, the 

local temperature changes can exceed the calculated average 

values and reach 75–100 °C. 

 For magnesium alloys the melting temperature (Тр )  

is 640 °C, and the recrystallization temperature (Тr) is  

(0.5–0.7) Тр (°К) = 183–257 °С. In some areas of the 

sample the total temperature may exceed the 

recrystallization temperature at the initial strain temperature 

of T = 200 °C and above. In this case, the so-called hot 

strain mode is carried out along with removing internal 

stresses.      

Thus, the generated heat must be taken into account for 

the cold strain mode (when total temperature does not 

exceed the recrystallization temperature) during ECAP 

treatments. 

 

4. Conclusions 

 

The strain fields in AZ31 magnesium alloy sample were 

determined by the grid method during a single ECAP 

treatment at different initial temperatures.  

Experiments proved that the strain is rather 

inhomogeneously distributed over the sample cross section 

and its average values correspond to the known theoretical 

estimates.  

Lateral strain of the sample and shear strain contribute 

the most to the plastic strain intensity.  

It is shown that the decrease of the initial temperature 

of the sample from 200 to 170 °C leads to a significant 

cracks formation and a decreased overall intensity of plastic 

strains.  
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Additional heating of the sample during ECAP 

treatments was theoretically estimated. 

It is necessary to take into account both the initial 

temperature and the additional temperature caused by heat 

generation during intense plastic strain to control the cold 

strain mode in order to obtain a specified structure during 

ECAP treatments. 
    

This work was financially supported by the Ministry of 

Education of Perm krai, Project No. С-26/211.  
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