
Romanian Journal of Physics 69, 617 (2024) 

SIMULATION OF STRESS-STRAIN STATE OF Zr1.0%Nb ALLOY 

DURING EQUAL-CHANNEL ANGULAR PRESSING:  

PART 1. STRAIN DISTRIBUTION  

H. ALSHEIKH1, A. ROZHNOV2, S. ROGACHEV2, D. GRABCO1,*, O. SHIKIMAKA1  

1 Institute of Applied Physics, State University of Moldova, Academy str., 5, Chisinau, 2028, 

Republic of Moldova 

E-mails: hanan.alsheikh@ifa.usm.md; daria.grabco@ifa.usm.md; olga.shikimaka@ifa.usm.md 
2 National University of Science and Technology MISIS, Leninsky Prospekt, 4/1,  

Moscow, 119049, Russia 

E-mails: aeforscc@yahoo.com; csaap@mail.ru  
* Corresponding author, E-mail: daria.grabco@ifa.usm.md 

Received August 21, 2024 

Abstract: The simulation of a single pass of equal-channel angular pressing 

(ECAP) was conducted in the QFORM program. The strain distribution in the 

longitudinal and transverse sections of a Zr1.0%Nb alloy billet was calculated. This 

distribution was investigated at various moments (ti, i = 1, 2, 3, 4 (  during the shearing 

deformation in the intersection channels (deformation zone). 
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1. INTRODUCTION 

Regardless of the application area of zirconium alloys, be it nuclear power 

engineering [1–3] or medicine [4–8], the functional characteristics, such as 

corrosion resistance, physical and mechanical characteristics, and fatigue strength, 

plays an important role in their use. It is obvious that the higher the set of 

characteristics, the more widespread the alloy becomes. The latter circumstance 

leads to the need to search for ways to increase the level of functional 

characteristics and, first of all, physical and mechanical characteristics (tensile 

strength, yield strength, relative elongation at fracture, fatigue strength, and 

others). It has been proven that a significant increase in strength characteristics can 

be achieved by obtaining an ultra-fine-grained structure by using various methods 

of severe plastic deformation [9–17]. Severe plastic deformation is a process of 

material treatment using high strain. The process occurs with the formation of a 

non-porous, largely fragmented and disoriented structure. One of such methods is 

equal-channel angular pressing (ECAP) [18–20].  

The development of computing power and the corresponding software based 

on the finite element method (ANSYS, QFORM, Deform, Multidef, etc.) initiated 
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the solution of problems related to the substantiation of the theoretical foundations 

of various technological processes, in particular, issues related to the study of 

processes occurring during ECAP [21–25].  

The aim of this work is to investigate the changes in the stress-strain state 

of Zr1.0%Nb alloy billet during ECAP. Studying the stress-strain state is 

essential for understanding deformation homogeneity across various sections 

during the shearing deformation in the channel intersection (deformation zone). 

Consequently, this investigation can be utilized to develop the optimal ECAP 

regime. The findings presented in this study focus on analyzing the strain 

distribution in the longitudinal and transverse sections of Zr1.0% Nb alloy billet 

during ECAP, using the 3-D finite element simulation method in the QFORM 

program. 

2. MATERIALS AND METHODS 

2.1. SIMULATION INPUTS 

In this work, we simulated the ECAP process of Zr1.0%Nb alloy billet 

(110 mm long and 20 mm in diameter) for one single pass at 420⁰C, although 

ECAP is experimentally carried out for six passes, following the BC route, where 

the billet is rotated 90⁰ in one direction around its longitudinal axis. The angle 

between the die channels is 108⁰. ECAP is carried out under isothermal conditions 

with a stepwise decrease in temperature as follows: 2 passes at T = 420⁰C,  

2 passes at T = 350⁰C, and 2 passes at T = 300⁰C. The deformation rate was  

0.21 s-1, with maximum pressing force of 0.3 mN and ram speed of 0.42 mm/s 

(25 mm/min).  

The sequence of ECAP simulation in the QFORM software includes: 

– entering the inputs data into the QFORM program; 

– calculating the strain values in each node of the billet mesh; 

– analyzing the simulation results. 

The inputs data for the simulation encompasses: 

– geometric parameters of the ECAP die and billet; 

– physical and chemical characteristics of the ECAP die and billet. 

2.2. GEOMETRICAL DIMENSIONS 

The Compass 3D program is used to create the finite-element models of the 

ECAP instrument and the billet. Thus, three-dimensional finite-elements models of 

billet and ECAP instrument are constructed. These models include the billet, punch, 

and die. These three models are assembled as illustrated in (Fig. 1). The finite-elements 
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mesh consists of 46,795 elements for the billet, and 55,693 elements for the ECAP 

instrument. 

  

Fig. 1 –  Dimensions of billet and die (a); assembled finite-element three-dimensional  

model of the ECAP instrument (b). 

2.3. CHEMICAL AND PHYSICAL CHARACTERISTICS OF THE DIE AND BILLET 

To run the simulation, it is necessary to input detailed information about the 

physical, chemical, and mechanical characteristics of both the billet and ECAP 

instrument into the QFORM program. Data on the Zr1.0%Nb alloy billet were 

obtained partially from reference books for physical properties, and partially through 

tensile and compression tests. The chemical composition of Zr1.0%Nb alloy is given 

in Table 1. 

Table 1 

Chemical composition of Zr1.0%Nb alloy 

Element Contents [%] 

Nb Fe Ni Al Ti C Si O N 

0.9-1.1 0.05 0.02 0.008 0.005 0.2 0.2 0.1 0.006 

 

The samples for the various mechanical tests were taken from the as-received 

billet, which was manufactured at JSC Chepetsky Mechanical Plant (Russia).  
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The structure of the as-received billet was partially recrystallized. Mechanical tensile 

tests on the samples were performed at room temperature using an Instron 5966 

testing machine with a testing speed of 1 mm/min.  

 

 

Fig. 2 – Stress-strain diagram of a Zr1.0%Nb alloy under tensile testing. 

The samples were tested in their as-received state, which was partially 

recrystallized. A typical deformation diagram from the tensile test is shown in  

Fig. 2. The mechanical characteristics of the Zr1.0%Nb alloy were determined from 

the deformation diagrams of the tested samples: the average values of 0.2%-yield 

strength (YS), ultimate tensile strength (UTS), and relative elongation at fracture 

(RE) are given in Table 2. 

Table 2 

Mechanical characteristics of Zr1.0%Nb alloy under tensile test 

YS [MPa] UTS [MPa] RE [%] 

324 ± 5 420 ± 6 20.2 ± 2 

 

Compression tests of Zr1.0%Nb alloy were conducted at different temperatures 

based on the experimental ECAP regime at 420, 350 and 300°C. Compression tests 

on various cylindrical samples were performed using the Gleeble System 3800 

testing machine. A diameter of 7 mm and a height of 10 mm were selected for the 

cylindrical samples.  

The samples were heated by an electric current to temperatures 420, 350 and 

300°C, a thermocouple was attached to each sample to control the temperature. The 

resulting stress-strain diagrams of the Zr1.0%Nb alloy at these different temperatures 

are shown in Fig. 3.  
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Fig. 3 – Stress-strain diagrams of Zr1.0%Nb alloy at various temperatures under compression testing. 

The chemical composition and the physical characteristics of the ECAP 

instrument were selected from the QFORM database under category "High-strength 

alloy". The temperature of billet and ECAP instruments (die, and punch) during the 

simulation was set at T = 420⁰С. 

3. COMPUTATIONAL SIMULATION 

General algorithm of ECAP simulation. QFORM program is capable of 

calculating the following values: 

– sample temperature taking into account preliminary heating of the workpiece; 

– strain; 

– stress.  

In this work, we investigate the strain distribution in the longitudinal (Z), (Y) 

and transverse sections in one single ECAP pass. The capabilities of the QFORM 

program allow calculations to be performed for any node of the billet mesh. To 

manage and minimize the amount of calculated data, some conditional approaches 

were utilized. These conditional approaches will be discussed in detail in the 

following paragraphs, which includes the investigated sections and their position at 

different stages of deformation. 

Figure 4 illustrates the considered upper and lower surfaces of the billet, as 

well as its longitudinal Z and Y sections. Moreover, the surface of the billet passing 

through point O refers to the upper surface. Accordingly, the surface of the billet 

passing through point O1 refers to the lower surface (Figs. 4a, b). Figures 4c and 4d 

illustrate the sections (Z) and (Y) respectively.  
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Fig. 4 – Upper and lower surfaces of billet (a, b), Z (c) and Y(d) longitudinal sections.  

   

Fig. 5 – Transverse sections: a, b – circular sections; c, d – ellipsoidal sections. 

The considered transverse sections (circular and ellipsoidal) are illustrated in 

Figs. 5a, c (top view) and Figs. 5b, d (front view). 

The billet deformation moments or positions during its movement through the 

channels, specifically through the intersection channels zone, are selected as follows:  

– moment t1 represents the initial stage of deformation, where 25% of the billet 

length has traversed the deformation zone (intersection channels). 

– moments t2 and t3 represent the intermediate stage of deformation, when 50 

and 75% of the billet length, respectively, have traversed the deformation 

zone (intersection channels). 

– moment t4 represents the final stage of deformation, where 100% of the billet 

length has deformed completely, traversing the deformation zone. 

These moments or stages of deformation, and the considered circular and 

ellipsoidal transverse sections are shown in Fig. 6. The position of these transverse 

sections was selected as follows: 

– section (A) at a distance of 10 mm from the upper edge of the billet at t1; 

– section (B) at a distance of 5 mm from the deformation zone; 

– section (C) in the deformation zone (intersection channels); 

– section (D) at a distance of 5 mm beyond the deformation zone; 

– section (E) at a distance of 10 mm from the extraction. 



7 Simulation of stress-strain state. Part 1. Strain distribution Article no. 617 

  

      
 

      

Fig. 6 – Deformation moments (stages) during ECAP: a – t1; b – t2; c – t3 and d – t4. 

The position of the transverse sections is linked to the deformation stages or 

moments ti, hence, Table 3 presents the considered circular and ellipsoidal transverse 

sections at different moments ti during the billet deformation.  

 
 Table 3 

Considered circular and ellipsoidal transverse sections of the billet at various moments ti 

Deformation 

moment  

(stages) 

ti 

Transverse Sections  

Before deformation 
Shearing 

deformation 
After deformation 

Circular sections 
Ellipsoidal 

sections 
Circular sections 

t1 А(t1) B(t1) C(t1) D(t1) – 

t2 – B(t2) C(t2) D(t2) E(t2) 

t3 – B(t3) C(t3) D(t3) E(t3) 

t4 – – – – – 

 

Thus, a total of nine circular transverse sections were obtained, four before 

the deformation zone and five after it. The area of these circular transverse sections 

varies between 306 and 312 mm2. Three ellipsoidal transverse sections were 
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obtained by inclining the cutting plane at an angle of 54⁰ in the deformation zone, 

where the two channels intersect with equal diameters. These sections are marked 

as follows: C(t1) at the initial stage, C(t2) at the intermediate stage and C(t3) at the 

final stage. The area of the ellipsoidal transverse sections varies between 340 and 

350 mm2. These transverse sections clearly detect the changes in the deformation 

plane within the shearing zone. 

The area of the longitudinal sections at different moments of the ECAP 

deformation Y(t1) (Fig. 6a), Y(t2) (Fig. 6b), and Y(t3) (Fig. 6c) fall within the range 

of 2200 to 2211 mm2. At the final stage, the area of the longitudinal plane Y(t4) is 

equal to 2301 mm2. The horizontal position of the plane Y(t4) (Fig. 6d) is achieved 

by rotating it counterclockwise by an angle of 18⁰. 

4. RESULTS AND DISCUSSION 

4.1. STRAIN DISTRIBUTION  

Irreversible plastic deformations remain in the material after the removal of 

applied force. Thus, Fig. 7 shows the strain values (maximum, εmax, minimum, εmin, 

and average, εav), and their distribution at various moments along the longitudinal 

section Y(ti) (i = 1, 2, 3). It is evident that the calculated strain distribution exhibits a 

complex pattern, characterized by numerous sections with varying strain values. This 

correlates with the results of work [26], in which the effect of ECAP on the structure 

of the Zr1.0%Nb alloy was studied. It was shown that after ECAP, an extremely 

inhomogeneous ultrafine-grained microstructure is formed in the alloy, consisting of 

areas filled with cells and fragments with low misorientation and high dislocation 

density.  

To quantify the inhomogeneity of the strain distribution across sections in  

Fig. 7, an inhomogeneity index C is used, which is defined as follows: 

С =
𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛

𝜀𝑎𝑣
 

   

Fig. 7 – Strain distribution along longitudinal sections: a – Y(t1), b – Y(t2), c – Y(t3). 
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The strain values along the billet after the first ECAP pass are conventionally 

divided into the following groups: 

– group 1: high level of strain (ε ˃ 1); 

– group 2: moderate level of strain (0.75 ≤ ε ≤ 1); 

– group 3: low level of strain (0.35 ≤ ε ≤ 0.75); 

– group 4: very low level of strain (0 ≤ ε ≤ 0.35). 

Figure 8 illustrates the distribution of strain groups across the longitudinal Y 

and Z sections after the completion of the ECAP deformation at moment (t4). 
 

  

Fig. 8 – Strain distribution across sections: a – Y(t4), b – Z(t4).  

It is obvious from Fig. 8 that the strain along the billet is non-uniform. 

Specifically, the strain values on the lower surface, after passing the corner of the 

die, is smaller (indicated by the green area) compared to the strain values on the 

upper surface, and middle zone of the billet. 

Table 4 presents the values of the areas % occupied by the different strain 

groups on the longitudinal sections Y(t1), Y(t2), Y(t3) and Y(t4). Table 5 presents the 

calculated values of the inhomogeneity indexes C1, and C2. Index C1 encompasses 

all strain values, including those in group 4. In contrast, C2 excludes the strain values 

in group 4, which refers to the undeformed billet in the entry channel. 

 
Table 4 

Area % of related strain groups 

Strain 

Group 

Strain value  

ε 

Longitudinal Sections Y(ti) 

Y(t1) Y(t2) Y(t3) Y(t4) 

1 ε ˃ 1 0.5 0.6 0.7 1.2 

2 0.75 ≤ ε ≤ 1 10 28 45 53 

3 0.35 ≤ ε ≤ 0.75 14 21 29 33 

4 0 ≤ ε ≤ 0.35 75 50 26 12 
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Table 5 

Inhomogeneity indexes on longitudinal sections 

Inhomogeneity Index C 
Longitudinal Sections 

Y(t1) Y(t2) Y(t3) Y(t4) 

1C 5 3.5 2.7 2.3 

2C 2 3.2 1.9 1.7 

 

In the entry channel, the stress-strain values are distributed uniformly. In this 

channel, only the area occupied by strain group (4) (undeformed zones) changes 

during the ECAP process. As shown in Table 4, after the first ECAP pass, the area 

occupied by strain group 4 decreases gradually. Conversely, the area occupied by 

the strain groups (1, 2, and 3) increases, reflecting the deformation of the billet as it 

moves through the deformation zone. Consequently, the inhomogeneity index C2 

decreases, indicating a more uniform strain distribution. 

Strain distribution on the transverse sections of the billet reveals that, before 

entering the deformation zone, the material in the entry channel remains almost 

undeformed, the strain on the section A(t1) is very low (Fig. 9). The maximum strain 

values on the upper and lower surfaces vary from 0.0001 to 0.002. Similarly, low 

strain values are observed in sections B(t1), B(t2) and B(t3) (Fig. 10). Strain values 

up to 0.0005 occupy 91% and 93% of the area of sections B(t1) and B(t2) respectively. 

In section B(t3), the area with these low strain decreases to 58% due to increase strain 

on the upper and lower surfaces. This indicates that the billet deforms more intensely 

on the upper and lower surfaces compared to the central zone. 

 

 

Fig. 9 – Strain distribution in section A(t1). 

 

In the shearing zone, strain begins to increase on the ellipsoid sections with a 

maximum strain value of 0.4 detected (Fig. 11). The central zone with a high strain 

(ε ˃ 0.28) is located between two zones with low strain (ε ˂ 0.28) on the upper and 

lower surfaces of the section. The area of the central zone increases from 60% in the 

section C(t1) to a maximum of 78% in section C(t2). However, this area decreases to 
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45% in the section C(t3) as the proportion of the section area occupied by zones with 

low strain changes. Notably, that the strain distribution in section C(t2) indicates an 

increase in the homogeneity of the strain distribution. 

 

           

Fig. 10 – Strain distribution in sections: a – B(t1), b – B(t2), c – B(t3). 

   

Fig. 11 – Strain distribution in sections: a – С(t1), b – С(t2), c – С(t3). 

In general, after passing the deformation zone, a zone with high strain  

(1 ˂ ε ≤ 1.2) appears on the section D(t1), which occupies a small area of 1.7% 

relative to the entire cross-section area. Additionally, a slightly lower level of 

strain (0.75 ˂ ε ≤ 1) is detected in a zone that occupies 95% of the cross-sectional 

area of D(t1) (Fig. 12). 

 

         

Fig. 12 – Strain distribution in sections: a – D(t1), b – D(t2), c – D(t3). 
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In sections D(t2) and D(t3) this zone (0.75 ˂ ε ≤ 1) occupies almost the same 

area (79 and 78%, respectively). These zones are localized in the center of the 

transverse sections. The low strain zones (0.4 ˂ ε ≤ 0.75) are found on the upper and 

lower surfaces of these sections. Section D(t1) has the highest inhomogeneity index 

(0.8) compared to sections D(t2) and D(t3), where the index is lower, at 0.4. 

The strain distribution in the sections E(t2) and E(t3) is illustrated in Fig. 13. The 

strain values fall into two zones. The high-strain zone (from 0.75 to 1) occupies 91% 

of the area in section E(t2) and 79% of the area in section E(t3).  

 

      

Fig. 13 – Strain distribution in sections: a – E(t2), b – E(t3). 

In section E(t2), the low-strain zone (0.4 ˂ ε ≤ 0.75) predominantly occupies 

the upper surface, with smaller areas on the lower surface. In contrast, in section 

E(t3) the low-strain zone is more extensive on the lower surface, with smaller areas 

near the upper surface. 

It is known from the literature [27, 28] that changes in the crystal structure of 

the sample significantly affect the hardness value, at the same time a decrease in the 

grain size to micro- and nano-sizes is accompanied by an increase in micro- and 

nano-hardness. Therefore, the hardness value can be a parameter that reflects a 

change in the crystal structure. Thus, in the work [29] an increase and non-uniform 

distribution of hardness was obtained in Al-6061 samples subjected to ECAP, which 

may indicate non-uniform distribution of the newly created grain structure. Other 

authors [30] found that the greatest increase in microhardness occurs in the upper 

and central parts of the billet cross-section, and a lower increase is noted on the lower 

surface. This correlates with the results obtained in our article, that the low-strain 

zone occurs on the lower surface, while the high-strain zone is observed in the central 

and upper surfaces of the cross-section of the sample. 

5. CONCLUSIONS 

The QFORM software was provided a computational simulation of stress-

strain state of a cylindrical billet from Zr1.0%Nb alloy during ECAP for one single 
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pass. Strain distributions on the longitudinal and transverse sections at various 

moments of ECAP deformation at a temperature of 420°C are obtained. This 

distribution reveal inhomogeneity in deformation through ECAP. It was found that 

the calculated distribution of deformations has a complex pattern, characterized by 

numerous areas with changing deformation values.  

This deformation inhomogeneity gradually decreases along the longitudinal 

section. By the final stage of deformation, the inhomogeneity index decreased. In the 

shearing zone (intersection channels), the strain distribution is quite uniform. The 

central zone of the ellipsoidal section, where maximum deformation is detected, 

occupies almost the total area of the section. 
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