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Abstract: The main challenge in using magnesium alloys, applied in medicine as biodegradable materials, is their 

difficult deformability, which in turn leads to frequent failure of samples during severe plastic deformation. This paper 

shows that the temperature mode of equal channel angular pressing (ECAP) of a Mg–Zn–Ca system magnesium alloy, 

which ensures deformation of samples without failure, can be determined based on the results of finite -element compu-

ter simulation of the stress-strain state of the billet, calculation of alloy damage using the Cockcroft–Latham model, and 

prediction of the sample failure area. Modelling showed that the surface area of the billet adjacent to the matrix inner 

corner during ECAP, is the area of possible failure of the magnesium alloy. The value of alloy damage during ECAP in 

this area at T=350 °C is less than 1, which corresponds to non-failure of the metal. To verify the computer simulation 

results, ECAP physical simulation was performed; billets without signs of failure  were produced. A study of the me-

chanical properties of the Mg–1%Zn–0.06%Ca magnesium alloy was conducted before and after ECAP processing ac-

cording to the selected mode: the ultimate strength limit increased by 45 %, the hardness increased by 16 %, while  

the plasticity increased by 5 %. 
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INTRODUCTION 

In the last decade, magnesium alloys have attracted in-

creased attention from researchers studying biomaterials for 

medical use. These alloys contain chemical elements that 

interact beneficially with the human body. However, these 

alloys in the cast state have low strength, and corrosion 

resistance for their successful application when producing 

biosoluble implants used in maxillofacial surgery and or-

thopaedics [1; 2]. In this work, to increase the strength of 

the Mg–1%Zn–0.06%Ca alloy, one of the effective ap-

proaches was used – the formation of an ultrafine-grained 

structure in them by the severe plastic deformation methods 

[3–5], namely, processing of billets by equal channel angu-

lar pressing (ECAP).  

Cast magnesium alloys are difficult-to-form materi-

als, have low plasticity during deformation at room tem-

perature, and are prone to destruction [6–8]. In experi-

mental studies, the temperature of deformation treatment 

is often determined empirically, which requires consi-

derable time and material resources. The use of models 

of metal destruction, during pressure treatment, is  

an alternative to the experimental determination of the 

temperature regime.  

In the mechanics of pressure metal treatment, a quanti-

tative assessment of damage [9] – microscopic discontinu-

ities (submicro- and micropores, microcracks) of the metal 

is performed using indirect relative indicators. For ex-

ample, according to the methodology of V.L. Kolmogorov, 
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A.A. Bogatov1, the metal damage in the material point of 

the deformed body, is the ratio of the strain degree  

accumulated by the material point during the deformation 

process, to the maximum possible degree of metal strain 

accumulated by the moment of exhaustion of the ability to 

deform without fracture, i.e. by the moment of accumula-

tion of the metal maximum damage equal to 1, when mac-

rocracks occur in an avalanche-like manner – this moment 

is called destruction. If the accumulation of maximum 

damage equal to 1 occurs at a material point on the sur-

face of a deformed specimen, then the metal fracture at 

this point on the surface is visually detected by the ap-

pearance of a crack. If the accumulation of maximum 

damage equal to 1 occurs at any material point inside  

a deformed specimen, then the metal fracture at this point 

in the form of a pore is detected not visually, but using 

special equipment, for example, a device using ultra-

sonic radiation. 

In [10], it was shown for the first time that metal da-

mage within the Cockcroft–Latham model can be quanti-

tatively and indirectly calculated, taking into account  

the changing stress state, as the ratio of the specific work 

of positive internal forces (principal normal positive 

stresses), acting on a material point during deformation to 

the maximum possible specific work of positive internal 

forces, corresponding to the moment when the metal ex-

hausts its ability to deform without destruction. In [11; 12] 

it is shown that the normalised Cockcroft–Latham fracture 

model has a higher accuracy of predicting cracks in vari-

ous technological processes. This approach was further 

developed in [13; 14]. 

As noted in [15], the difficulty of choosing and opti-

mising the ECAP scheme is that the wall flow fields, 

“overhardening” and hidden damage are difficult to ob-

serve and poorly predicted. Therefore, the development of 

new and verification of existing methods for predicting 

metal fracture during ECAP, especially when applied to 

magnesium alloys, is an urgent and important task.  

A promising solution to this problem is the use of com-

puter simulation to analyse the processes of billet damage 

during ECAP, which is based on predicting the area of 

sample fracture [16]. 

The purpose of this study is to determine, using com-

puter simulation, such a temperature mode of equal 

channel angular pressing (ECAP) of Mg–Zn–Ca alloy, 

which ensures deformation of samples without fracture, 

and the achievement of increased mechanical properties 

in the alloy. 

 

METHODS 

The conducted studies included a physical experiment 

and finite-element computer simulation of the stress-strain 

state of the billet in the DEFORM-3D software package, as 

well as calculation of alloy damage. 

The initial cylindrical samples (billets) of Mg–1%Zn–

0.06%Ca magnesium alloy with a diameter of 20 mm and  

a length of 100 mm for physical simulation were made on  

                                                            
1 Plasticity and destruction / edited by V.L. Kolmogorov. M.: 

Metallurgy, 1977. 336 p.  

a lathe from a round cast produced by gravity casting.  

The Mg–1%Zn–0.06%Ca alloy was cast at the Solikamsk 

Experimental Metallurgical Plant (Russia). The chemical 

composition was determined using a Thermo Fisher Scien-

tific ARL 4460 OES optical emission spectrometer (USA), 

and is presented in Table 1. In order to equalise the chemi-

cal composition throughout the sample volume, and elimi-

nate the effects of dendritic liquation, the cast samples 

were heat-treated (subjected to homogenization anneal-

ing) in a Nabertherm muffle furnace at 450 °C for 24 h 

with cooling in water [17]. This state of the sample was 

taken as the initial one. 

Physical simulation was performed on an ECAP equip-

ment manufactured with an intersection angle of cylindrical 

channels of 120°. The tooling was heated to the required 

temperature using two electric heating elements in the form 

of clamps installed on the matrix. Before ECAP, the initial 

billet was heated in a chamber resistance furnace to  

the required temperature. Each subsequent ECAP pass was 

performed with a 90° rotation around the longitudinal axis 

of the billet. ECAP processing was carried out according to 

the mode described in [18] for the Mg–Zn–Ca system alloy: 

the first and second passes were performed at 400 °C; the 

third and fourth – at 350 °C; the fifth and sixth – at 300 °C; 

the seventh and eighth – at 250 °C. 

At the first stage of theoretical research, a thermoplastic 

problem was solved using the DEFORM-3D software 

product: the non-uniform stress-strain state in the volume of 

the billet was determined stepwise. Finite-element compu-

ter simulation of the billet stress-strain state during ECAP 

(Fig. 1) was carried out under the following assumptions 

(usually used in modelling practice): 

1) the problem was solved under conditions of a volu-

metric stress-strain state; 

2) under non-isothermal conditions, taking into account 

the thermal effect of plastic deformation at the initial tem-

perature of the billet (20…350) °C; 

3) the billet material model is a plastic medium, the 

yield stress dependences on the degree of deformation of 

the Mg–1%Zn–0.06%Ca alloy, obtained from the results of 

preliminary mechanical tensile tests in the temperature and 

strain rate ranges corresponding to those realised during 

ECAP, were entered in tabular form during the preparation 

of the database; 

4) the matrix and punch material for ECAP is a non-

deformable rigid medium with a temperature of 

(20…350) °C. 

The punch movement speed was set constant at 

0.56 mm/s (equal to the movement speed of the movable 

crosshead of the hydraulic press during ECAP, with  

a nominal force of 160 tf). The ψ index of friction (ac-

cording to Siebel) between the tool and the billet was 

taken equal to 0.3, and determined based on the results 

of preliminary virtual and physical modelling of the lon-

gitudinal upsetting of samples using graphite-molyb-

denum lubricant. The simulation was performed using  

a uniform grid of elements. The minimum size of  

the finite element (the length of the tetrahedron edge) 

was 1.2 mm. Verification of the results of computer si-

mulation with the specified assumptions, the number of 

finite elements and the results of physical modelling of 
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Table 1. Chemical composition of the Mg–1%Zn–0.06%Ca alloy 

Таблица 1. Химический состав сплава Mg–1%Zn–0,06%Ca 

 

 

Element mass content 

Zn Zr Al Fe Mn Ni Cu Si Ca Pb Sn 

0.953 ≤0.001 0.011 0.027 0.0026 0.0008 0.0008 0.0025 0.0641 0.018 ≤0.001 

 

 

 

 

 

Fig. 1. ECAP equipment diagram 

Рис. 1. Схема оснастки для РКУП 

 

 

 

ECAP, showed a relative excess of the calculated defor-

mation force over the value experimentally measured at 

the quasi-stationary stage of ECAP by 5 %. 

At the second stage, the alloy damage was calculated 

using the results of simulating the billet stress-strain state 

during ECAP, and the well-known Cockcroft–Latham frac-

ture model [19]. 

In the DEFORM-3D software package for predicting 

the failure of metals and alloys under large plastic   

deformation, the Cockcroft–Latham fracture model is 

traditionally used as the main technique. However, it 

does not take into account the effect of the metal stress 

state on the maximum possible value of the specific 

work of positive internal forces, corresponding to  

the moment when the metal exhausts its ability to deform 

without failure. 

According to the Cockcroft–Latham fracture model,  

the condition of nonfailure of a material point is verified by 

the inequality: 

ultcс  ,                                 (1) 

 

where the left-hand side of the inequality i
i

dc
i
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1  is 

the damage index, the Cockcroft–Latham energy index of 

the relative specific work of elementary tensile forces, 

σ1 is the principal positive normal stress, 

σi is the stress intensity, 

εi is the deformation intensity; 

cult is the ultimate (maximum possible) value of the Cock-

croft–Latham index corresponding to the moment of metal 

fracture. 

Metal fracture in accordance with the Cockcroft–Latham 

fracture model occurs when the condition c≥cult is met. 

The damage was calculated using the formula obtained 

in [10] that takes into account the effect of the stress state 

on the ultimate (maximum possible) value of the Cock-

croft–Latham index: 
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where r is the number of stages of deformation of the mate-

rial point; 
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,

1  is the increment of the Cockcroft–

Latham index (the increment of the specific work of  

the positive internal forces acting on the material point at 

the k-th stage of deformation of the billet material point);  
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εi, k is the degree of deformation accumulated by the mate-

rial point of the billet by the beginning of the k-th stage of 

deformation;  

εi, k+1 is the degree of deformation accumulated by the ma-

terial point of the billet by the end of the k-th stage of de-

formation;  

σ1 is the principal positive normal stress;  

σi is the stress intensity;  

(σ1/σi)av is average value of the ratio of the principal normal 

stress to the stress intensity at the k-th stage of deformation 

of the material point of the billet;  

εi,p is degree of deformation accumulated by the material 

point of the sample by the moment of fracture (quantitative 

measure of alloy plasticity) at a constant value of the σ1/σi 

stress state index. 

Functions 

16.0ln19.0 1
, 
















i
pi ; 

(3) 

18.0ln21.0 1
, 
















i
pi , 

 

determining the plasticity of the Mg–1%Zn–0.06%Ca mag-

nesium alloy at temperatures of 20 and 350 °C, depending 

on the stress state index were found experimentally using 

the method given in [20]. 

To take into account the change in the stress state in-

dex of the material point, the damage in it was calculated 

for r=150 stages, while the duration of all deformation 

stages was the same and equal to ts=1 s, satisfying  

the condition [10]: 
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where S is the area determined using the graph of the stress 

state index σ1/σi of the material point of the billet, versus 

the deformation time. The alloy damage during ECAP was 

calculated for the material point, with the maximum value 

of the c damage index in the billet area determined, based 

on the simulation results. 

The calculation of the alloy damage using formulas (2), 

(3), and the results of modelling the stress-strain state of the 

billet was performed in Excel, since the DEFORM-3D 

software product developers do not provide the ability for  

a user to enter any constitutive relations, metal fracture 

models, etc. into the solver. 

Microhardness (HV) was measured using the Vickers 

method on an Emco-Test Durascan 50 micro-macro-

hardness tester, with an indenter load of 0.49 N and a hold-

ing time of 10 s. Microhardness measurements were per-

formed using disk-shaped specimens with a diameter of 

20 mm and a thickness of 1.5 mm, cut in the transverse 

direction from a deformed billet. For each specimen,  

20 measurements were taken. Tensile tests were performed 

on an Instron 5982 testing machine at room temperature 

and a strain rate of 10−3 s−1 on the specimens with a work-

ing part size of 0.6×1×4.5 mm3. Flat specimens were cut 

from the disk-shaped samples. At least 5 specimens were 

tested for each condition. 

 

RESULTS 

Results of computer simulation 

The distribution of the damage index obtained by com-

puter simulation showed that the surface area of the billet, 

adjacent to the inner corner of the matrix during ECAP, is 

the area of possible fracture of the magnesium alloy 

(Fig. 2). The point from this area indicated in Fig. 2 enters 

the plastic deformation zone when the matrix outlet channel 

is completely filled with the alloy, i.e., at the steady-state 

stage of ECAP. 

A significant increase in the c damage index (Fig. 3) 

at the point of the billet occurs in the time interval  

of 68–85 s due to the action of the σ1 positive normal 

stress (Fig. 4). 

The degree of deformation (Fig. 5) at the material point 

in the time range of 68–85 s, as well as the damage index, 

increases. 

The value of metal damage at T=20 °C calculated by 

formula (2) was obtained equal to ω=1.19. Therefore,  

the condition ω<1 is not met, and the billet will fail during 

ECAP deformation in the first pass in the area of the sur-

face adjacent during ECAP to the inner corner of the ma-

trix. The calculated value of the alloy damage at T=350 °C 

was obtained as ω=0.9, which is less than 1, the nonfailure 

condition of the metal ω<1 is met, and the billet will not fail 

during the first pass of ECAP. 

Physical experiment results 

Fig. 6 a shows an image of sample 1 deformed in one 

pass at room temperature – the sample failed into two sepa-

rate parts. One of the parts shows a macrocrack in the area 

of the billet adjacent during deformation to the inner corner 

of the matrix. Fig. 6 b shows an image of sample 2 de-

formed in one pass at T=400 °C – there are no visible signs 

of failure on the sample. The results of the studies of  

the mechanical properties of the samples are shown in 

Fig. 7 and listed in Table 2. 

Fig. 7 a shows the stress-strain diagram of the studied 

alloy before and after ECAP. The Mg–1%Zn–0.06%Ca 

alloy in the homogenised state has a strength of 144 MPa. 

In the deformed state, its strength increased with an in-

crease in the strain degree using the ECAP method. Thus, 

after 8 ECAP passes, the strength increased to 210 MPa, 

which is 45 % higher compared to the alloy in the homoge-

nised state (Fig. 7 a, Table 2). The yield strength increased 

significantly – from 42 MPa in the homogenised state to 

68 MPa after ECAP deformation. This result indicates  

the importance of ECAP for increasing the strength properties 

of this alloy. The microhardness of the homogenised state of 

the Mg–1%Zn–0.06%Ca alloy was 44±2.8 HV. The micro-

hardness value increased from 44±2.8 to 51.2±3.4 HV as  

a result of plastic deformation by the ECAP method, with  

a strain degree of ε=5.04, accumulated over 8 passes 

(Fig. 7 b, Table 2). 
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 a b 

Fig. 2. Scheme of the position of the material point selected for damage calculation and the distribution of the c index  

in the longitudinal section of the virtually deformed billet at the initial temperature:  

a – Т=20 °C; b – T=350 °C 
Рис. 2. Схема положения материальной точки, выбранной для расчета поврежденности, и распределение показателя с  

в продольном сечении виртуально деформированной заготовки при начальной температуре:  

a – Т=20 °C; b – T=350 °C 

 

 

 

      

 a b 

Fig. 3. Change in damage index over time at a point: a – Т=20 °C; b – T=350 °C 

Рис. 3. Изменение во времени показателя поврежденности в точке: a – Т=20 °C; b – T=350 °C 

 

 

 

      

 a b 

Fig. 4. Change of the σ1/σi index of the stress state at a material point of the billet over time:  

a – Т=20 °C; b – T=350 °C 

Рис. 4. Изменение во времени показателя σ1/σi напряженного состояния в материальной точке заготовки:  

a – Т=20 °C; b – T=350 °C 
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 a b 

Fig. 5. Change in the degree of deformation in a material point of the billet over time: a – Т=20 °C; b – T=350 °C 

Рис. 5. Изменение во времени степени деформации в материальной точке заготовки: a – Т=20 °C; b – T=350 °C 

 

 

 

            

 a b 

Fig. 6. Samples after one equal channel angular pressing (ECAP) pass:  

a – Т=20 °C; b – T=400 °C (arrow indicates the ECAP pass direction) 

Рис. 6. Образцы после одного прохода равноканального углового прессования (РКУП):  

a – Т=20 °C; b – T=400 °C (стрелкой указано направление прохода при РКУП) 

 

 

 

DISCUSSION 

Functions (3) defining the plasticity of Mg–1%Zn–

0.06%Ca magnesium alloy at temperatures of 20 and 

350 °C, depending on the stress state index, established 

experimentally within the conducted studies correspond to 

the known pattern – the plasticity of magnesium alloys 

increases significantly with increasing temperature.  

The conducted studies have shown for the first time  

the possibility of successful application of the Cockcroft–

Latham fracture model, taking into account the varying 

stress state [10], to the Mg–1%Zn–0.06%Ca alloy to de-

termine the processing temperature. Until recently, this 

model was successfully applied to steels [14] and titanium 

alloys [21]. Based on the results of computer simulation of 

the stress-strain state of the billet, and calculation of metal 

damage in the area with the most unfavorable stress state 

(σ1>0), it was decided to perform physical simulation of 

ECAP for the first pass at an initial temperature of  

the billet and tooling equal to 400 °C. This temperature 

was chosen with a conservative value, to ensure guaran-

teed nonfailure of the billet in the physical experiment.  

It was shown theoretically and experimentally that at  

the initial sample temperature of less than 250 °C, crack-

ing occurs precisely in the area of the billet, where the c 

damage index has a maximum value according to the re-

sults of computer simulation. Earlier in the work [22], 

Front  
end 

Front  
end 
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 a b 

Fig. 7. Results of mechanical tests:  

a – stress-strain curve of the Mg–1%Zn–0.06%Ca alloy before and after ECAP;  

b – comparison of the initial microhardness and microhardness obtained after ECAP 

Рис. 7. Результаты механических испытаний:  

a – диаграмма растяжения сплава Mg–1%Zn–0,06%Ca до и после РКУП;  

b – сравнение исходной и полученной после РКУП микротвердости 

 

 

 
Table 2. Results of tensile tests of samples and microhardness measurements  

Таблица 2. Результаты испытаний на растяжение образцов и измерения микротвердости 
 

 

State Т, °C НV (average value) σUTS, MPa σ0.2, MPa δ, % 

Initial state 20 44.0±2.8 144 42 18 

After ECAP 20 51.2±3.4 210 68 23 

 

 

 

similar behaviour of an alloy with a similar composition 

was noted for the specified processing temperature range.  

Physical simulation of billets in 8 passes showed  

the successful use of a well-known approach, ECAP with 

a gradual decrease in the processing temperature [18],  

as applied to the Mg–1%Zn–0.06%Ca alloy. Samples that 

were not destroyed in the first pass at T=400 °C were sub-

jected to subsequent successful ECAP deformation  

in 7 more passes with a decrease in temperature from 400 

to 250 °C.  

The results of modelling the distribution of strain degree 

in the billet are in good agreement with the analytical esti-

mate of the strain degree for 8 passes ε=5.04 performed 

using the well-known formula [23]: 

 
















 











 





22
cos

22
ctg2

3
ec

N
i ,       (5) 

 

where N is the number of passes;  

Ψ is the external angle;  

Φ is the internal angle. 

During the calculation, the external angle was taken to 

be 20°; the internal angle (the angle of intersection of  

the channels corresponding to the equipment in Fig. 1) was 

120°. The value of deformation of 0.63 for one ECAP pass 

calculated using formula (5) is in good agreement with  

the value obtained by modelling (Fig. 5). 

As in [18], an increase in the mechanical properties 

of the magnesium alloy was found, but not as significant, 

which is due to the lower content of calcium in the com-

position: the tensile strength increased by 45 %,  

the hardness – by 16 % compared to the homogenised 

state. This is probably caused by the formation of  

a structure with a finer average grain size due to the in-

crease in the strain degree to 5. 

 

CONCLUSIONS 

1. The use of complex modelling of the process of 

severe plastic deformation of magnesium alloys, includ-

ing computer and physical simulation on an experimental 

equipment, allows developing modes of billet defor-

mation due to the alloy damage calculation using  

the Cockcroft–Latham model. Physical simulation of 

sample deformation confirmed the possibility of deter-

mining the thermomechanical mode of ECAP of a mag-

nesium alloy of the Mg–Zn–Ca system, which ensures 
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deformation of samples without destruction, by computer 

simulation. The results of physical modelling are in good 

agreement with the values of damage calculated during 

computer simulation: room temperature ω=1.19 (ω≥1, 

failure condition) corresponded to sample failure during 

severe plastic deformation; T=350 °C and ω=0.9 (ω<1, 

nonfailure condition) corresponded to nonfailure of  

the sample. This demonstrates the reliability of the pro-

cessing mode obtained by complex modelling and  

the validity of its application to bulk billets.  

2. Severe plastic deformation is an effective method for 

improving mechanical properties: after 8 ECAP passes,  

the alloy strength values increased from 144 to 210 MPa, 

which is 45 % higher compared to the homogenised state of 

the untreated sample, the microhardness value increased as 

well from 44±2.8 to 51.2±3.4 HV. 
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Аннотация: Основной сложностью в использовании магниевых сплавов, применяемых в медицине в качестве 

биоразлагаемых материалов, является труднодеформируемость, что, в свою очередь, приводит к частым разруше-

ниям образцов во время интенсивной пластической деформации. В работе показано, что температурный режим 

равноканального углового прессования (РКУП) магниевого сплава системы Mg–Zn–Ca, обеспечивающий дефор-

мирование образцов без разрушения, возможно определять по результатам конечно-элементного компьютерного 

моделирования напряженно-деформированного состояния заготовки, расчета поврежденности сплава c использо-

ванием модели Кокрофта – Лэтэма и прогнозирования области разрушения образца. Моделирование показало, что 

поверхностная область заготовки, примыкающая при РКУП к внутреннему углу матрицы, является областью воз-

можного разрушения магниевого сплава. Значение поврежденности сплава при РКУП в этой области при 

T=350 °C меньше 1, что соответствует неразрушению металла. Для верификации результатов компьютерного мо-

делирования выполнено физическое моделирование РКУП, получены заготовки без признаков разрушения. Про-

изведено исследование механических свойств магниевого сплава Mg–1%Zn–0,06%Ca до и после обработки РКУП 

по выбранному режиму: предел прочности повысился на 45 %, твердость увеличилась на 16 %, при этом пластич-

ность повысилась на 5 %. 

Ключевые слова: магниевые сплавы; напряженно-деформированное состояние; конечно-элементное компьютерное 

моделирование; поврежденность сплава; равноканальное угловое прессование; микротвердость; предел прочности. 
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