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Abstract:  Using computer simulation in the environment of the DEFORM -3D application package, a virtual full  

factorial experiment was conducted on the process of  producing long length workpieces from low -alloyed chrome 

bronze by equal channel angular pressing (ECAP) using the Conform scheme . During the virtual experiment, an 

assessment was made of the influence of independent factors (impeller rotation speed, number of cycles, and 

temperature of deformation treatm ent) on the response parameter —  deformation force. As a result of the 

experiment, a regression equation was obtained, a variant of solving the optimization problem with determining the 

numerical values of the accepted independent factors was presented, an d their influence on the response parameter 

was analyzed.  
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1. Introduction 

Currently, there is an  interest in research in the field of 

increasing the strength of metals by grinding the 

structure to submicrocrystalline (SMC) size by 

processing under conditions of severe plastic 

deformation (SPD) [1]. One of the methods of SPD is 

equal-channel angular pressing (ECAP) [2, 3]  and its 

development, ECAP-Conform [4], designed to produce 

long length workpieces with a bulk SMC structure and 

allowing to create prerequisites for the practical 
implementation of the SPD process.  

The technological process based on the refinement of 

the structure by the SPD method and implemented on 

the ECAP-Conform instal lation is an effective way to 

increase the strength of metals and alloys. However, for 

the manufacture of long length semi -finished products 

according to the above scheme, it  is necessary to solve 
the problem of optimizing the process  

In scientific and practical activities, a significant  place 

is occupied by numerical  methods for studying complex 

processes, including computer modeling using the latest 

software products [5, 6] . The effectiveness of using 

modeling methods and solving engineering problems 

increases significantly if,  at the stage preceding the 

design of a real technological  process,  conditions are 

created for assessing the influence of the most 
important independent factors.  

The use of mathematical methods is one of the most 

rational approaches to solving problems of evaluating 

the effectiveness of non-standard pressure processing 

processes. In this regard, i t  seems appropriate to carry 

out numerical modeling using the planning of a virtual 
full factorial experiment (FFE) [7]. 

The advantage of FFE is the ability to describe the 

process in full compliance with the algorithm of the 

physical experiment,  taking into account the established 

assumptions. FFE is most  easily implemented among 

numerous methods of a physical experiment. When 

using FFE, the goal is to obtain a linear mathematical 

model of the process, which will determine the future 
strategy for conducting a real experiment.  

Thus, the purpose of the simulation is to conduct a 

virtual SPD process using the ECAP -Conform method 

using FFE, and to identify a rational temperature -speed 

treatment regime in combination with the number of 

deformation processing cycles in the case of obtaining 
long length SMC of semi-finished products.  

2. Research method 

To obtain the most complete information about the 

studied dependencies during the simulation, the authors 

used FFE. Planning an experiment is a procedure for 

selecting the number and conditions of experiments 

necessary and sufficient to obtain a mathematical model 

of the process [8]. It is  important to consider the 

following: the desire to minimize the number of 

experiments; simultaneous variation of all variables that 

determine the process; the choice of a clear st rategy that 

allows you to make informed decisions after  each series 

of experiments. Before planning a full -scale experiment, 

it  is necessary to collect additional information about 

the object under study, to obtain which we use the skills 

and knowledge that were obtained earlier in previous 
studies or described in the l iterature [9].  

The design of the experiment was carried out on the 

basis of modeling the process of obtaining long length 

semi-finished products from low-alloyed chrome bronze 

by the method of ECAP-Conform. The process diagram 
is shown in Fig. 1.  

 

Fig. 1. Scheme of one 

of the methods of the 

SPD ECAP "Conform": 

1 - fixed matrix; 2 - 

blank; 3 - impeller 

punch 

 

2.1. Assumptions  

1) the workpiece material in the initial state is isotropic 

and there are no initial stresses and strains in it;  

2) the deformation temperature was taken equal  to 20°C 

and 400°C;  
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3) the angle of intersection of the channels 120°;  

4) the tool is absolutely rigid, and the geometry of the

tool is automatically taken into account;

5) the material of the initial billet was accepted as

plastic;

6) for the simulation, 100 steps were taken, taking into

account the complete passage of the workpiece and

obtaining a stable result;

7) the workpiece is divided into 43553 trapezoidal

elements;

8) the coefficient of friction in the deformation zone is

0.2.

2.2. Modeling preparation procedure 

At the stage of preparation of the simulation problem, 

we believe that the most significant factors affecting the 

production of defect-free semi-finished products under 

the conditions of SPD processing are as follows: wheel 

rotation speed, number of cycles and deformation 

temperature. In  this regard, it  was decided to conduct a 

virtual FFE using a two-level model with three 

independent factors in terms of the number of variable 

factors, followed by formalizing the results in the form 

of a regression equation and optimizing the selected 
factors.  

Thus, as independent variables in the SPD process by 

the ECAP - Conform method, characterizing the 

efficiency of the process from the point of view of the 

deformation force, we chose the processing temperature 

using the severe plastic deformation technology by the 

ECAP Conform method (X1); wheel rotat ion speed (X2) ; 

the number of cycles of deformation processing ( with 

rotation of the workpiece relat ive to the longitudinal 

axis by 90° after each processing cycle) ( X3).  The 

response parameter (dependent parameter) determined 
the deformation force P  (Y).  

Factors varied on two levels. The intervals of variation 

of variable factors and their values on a natural  scale 

are shown in table 1.  

Table 1  Factor levels  

Factors X1 (Т, оС) X2 (ω, min-1) X3 

Main level (Xi) 200 1,0 1 

Variation interval (Xi) 100 0,5 1 

Upper level (xi = + 1) 400 2,0 4 

Lower level (xi = – 1) 20 0,5 1 

The number of experiments N  was determined by the 

number of factors k  in accordance with the expression:  

822 3  kN (1) 

It is required to determine such values of X1; X2; X3 ,  at 
which the least deformation force P .  

3. The results of the experiment and their discussion

The mathematical  model after the implementation of the 

experiments of the full factorial experiment has the 

form:  

y=b0+b1x1+b2x2+…+b12x1x2+b13x1x3+ b23x2x3…+b123x1x2x3, (2) 

where b i  is the regression coefficient.  

To calculate the coefficients of this model, we used an 

expanded matrix of planning and the results of 
experiments (Table 2)  

Table 2. The expanded matrix of the plan 2 3  and the 

results of virtual experiments  

Test 

number 
хо х1 х2 х3 х1х2 х1х3 х2х3 х1х2х3 

Y1 

(кН) 

1 + + + + + + + + 13,3 

2 + - + + - - + - 16,5 

3 + + - + - + - - 10,7 

4 + - - + + - - + 12,7 

5 + + + - + - - - 23,2 

6 + - + - - + - + 19,8 

7 + + - - - - + + 13,5 

8 + - - - + + + - 12,9 

In Fig. 2 presents the solution to the problem of 

numerical modeling of the ECAP-Conform process, as a 

result of which the minimum deformation force is 
obtained.  

Fig. 2 .  The simulation 

result of the ECAP-

Conform process: 

distribution fields 

cumulative strain. The 

deformation force Pa v .  

= 10.7 kN. A fragment 

of the workpiece in the 

deformation zone is 
shown. 

The regression coefficients were calculated by the 

formula:  

N

yx
N

ii
 1i

ib , (3) 

where i = 0, 1, 2, …, 8. 

Based on the calculations, the following general form of 
the linear regression equation was obtained:  

y=15,33X0 – 1,15X1 + 2,88X2 + 0,3X3 + 0,20X1X2 – 1,05X1X3 + 
1,28Х2Х3 – 0,50Х1Х2Х3  (4) 

From an analysis of equation (4), it  is seen that among 

single variable factors, the speed (X2) has the most 

significant effect on the deformation force under the 

accepted modeling conditions: the higher the spe ed, the 

higher the deformation force. The processing 

temperature (X1) has a lesser effect: the strain force 

decreases with increasing temperature. The smallest,  

almost insignificant,  effect  on the deformation force is 

observed when the number of SPD processing cycles 

(X3) changes. Apparently, this is due to the fact that the 

deformable material (low-alloyed chromium bronze of 

Cu-0.3% Cr  composition) is  significantly hardened after 

the first cycle of SPD processing. This observation is 

consistent with the law of strain hardening of the 

material under study and changes in its rheological 
properties depending on temperature and loading speed.  

From paired influences it is seen that a simultaneous 

increase in the temperature and speed of the SPD 

treatment (X1X2),  as well as the speed and number of 

cycles (X2X3),  an increase in the deformation force is 

possible, which indicates the predominant influence of 

the processing speed on the force parameters. With a 

simultaneous increase in  temperature and the number of 

deformation processing cycles (X1X3),  a decrease in the 

deformation force can be observed. This also indicates 

(in this pair) a slight effect of the number of SPD 

processing cycles on the deformation force. From the 
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analysis of the regression equation it also follows that 

the simultaneous change in all  three factors, or  rather, 

their increase,  can affect  a certain decrease in the 

response parameter. It should be noted that in complex 

systems, to which the considered one can be attributed, 

pair and triple interactions have, as a rule, an 

ambiguous interpretation and therefore their 

interactions should be analyzed separately and with 

reference to the specific operating conditions of a 
multicomponent object.  

A priori,  we can say that under the conditions 

considered, the minimum value of the deformation force 

can be obtained with an optimal combination of 
independent factors adopted in this study.  

It is of practical interest  to solve the optimization 

problem of determining the actual values of the 

independent parameters considered in a virtual 

experiment of numerical simulation and providing the 

minimum value of the deformation force when 

implementing the ECAP-Conform method. This problem 

was solved by the "steep ascent" method, designed to 
solve extreme problems [6]. 

The design of the experiment using the "steep ascent" 

method showed that under the conditions under 

consideration, the deformation force will be the 

smallest at 4 SPD cycles, at  a processing temperature of 

400°C  with a minimum speed (ω = 0.5 min - 1).  Subject 

to the indicated values of independent factors, it  is 

possible to provide a force deformation of P ≈ 10.7 kN  

(Fig. 2). However, the optimization task was to ensure 

the SPD processing by the method of ECAP -Conform, 

taking into account the capabilities of existing 

equipment and the technical  and economic feasibili ty of 

the process of manufacturing long length workpieces. In 

this particular case,  the solution to the optimization 

problem was based on the method of expert estimates, 

which will  be further tested by solving a system of 

partial differential equations.  

In Fig. 3  shows the simulation results based on the 

obtained optimized values of variable factors in the 

framework of the research task: the temperature of the 

tool and workpiece is 200°C;  speed of the impeller 1.5 
min - 1;  number of SPD processing cycles 2 .  

Fig. 3.  The simulation 

result of the ECAP-

Conform process after 

solving the inverse 

problem: distribution 

field of cumulative 

strain. The deformation 

force Pav .  = 11.5 kN. A 

fragment of the 

workpiece in the 

deformation zone is 
shown. 

Thus, it  was possible to  choose a combination of 

processing temperature, strain rate and number of cycles 

at which the value of the deformation force P ≈ 11.5 kN  

is achieved, which is a perfectly acceptable solution to 
the problem.  

Based on the study, for the practical implementation of 

the ECAP-Conform process of low-alloyed chrome 

bronze, the above SPD processing modes can be 

proposed with possible re finements depending on the 

specific processing conditions. This assumption requires 
additional research.  

4. Conclusion

1. As a result of a virtual  full factorial experiment, it

was established that  the speed of deformation has the

most significant single influence on the deformation

force.  It  was also established that  the speed of

deformation also has a significant effect in combination
with the two other factors considered;

2. Based on expert estimates and the result s of the

virtual full factorial  experiment during the simulation of

the SPD processing of low-alloyed chrome bronze,

optimized numerical values of the considered

independent factors were obtained, which ensure a
decrease in the deformation force.
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