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Abstract: The theoretical and experimental investigation of the process of hydromechanical extrusion (HE) of aluminum 

alloys Al 5056 was carried out. The aim is to determine the optimal parameters of this process. These parameters were 

determined to minimize the extrusion force and damage factor of a workpiece by using explicit finite elements method. The 

results were presented in a visual form and were shown that use of active friction forces reduces the extrusion force. Statistical 

processing of the experimental data gave regression equations for definition the damage factor and the value of the specific 

extrusion stress. 
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1. Introduction 

Currently, substantial difficulties appear at some industrial 

enterprises when high-precision extracting sections made of 

precious and hard-to-deform nonferrous metals and alloys 

and of fibrous composite materials are processed by pressure 

(extrusion and drawing). These exacting sections should have 

high surface smoothness and the given accuracy of sizes over 

the section, maintain their chemical composition in the limits 

of their technical specifications at processing, and take the 

required physicochemical properties [1]. The various 

methods of solving these problems are known. 

For example, the extracting sections made of nonferrous 

metals in nonferrous metallurgy are obtained by hot extrusion 

of round castings with the follow-up operations of rolling and 

drawing. It is reasonable to apply these technologies when 

producing the huge volumes of goods; however, in the case 

of small-volume production the expenditures are found to be 

unreasonably high and the process is economically 

inefficient. 

The basic disadvantages of the available manufacturing 

technologies of workpiece extrusion are as follows: high 

power inputs for heating the metal; necessity of using several 

types of complex equipment; high cyclicality of production 

which is related to setting up several types of equipment; 

possibility of contamination of precision alloys at processing; 

and occurrence of a butt-end with weight reached thirty 

percent of workpiece weight. These disadvantages are result 

in necessity of workpiece section length increasing. 

However, with increasing of workpiece length the pressure 

load on the tool rises significantly. 

The methods of backward extrusion, hydroextrusion and 

extrusion with active influence of friction forces allow 

decreasing the pressure load on the tool at comparable draw-

forming and initial workpiece length [2].  

Recently the interest in hydrostatic extrusion as a method 

for processing hard-to-deform materials has been increasing 

considerably as it was shown that hydrostatically extruded 

workpiece materials exhibit significantly enhanced strength 

and plastic characteristics [3-6]. Application of high pressure 

prevents formation of cracks and enables very high degrees 

of plastic deformation to be achieved at a high rate of 

deformation [7]. 

The hydroextrusion process allows receiving high-

accuracy sections without workpiece heating and with 

minimal surface friction. However, the use of this pattern 

causes significant technical difficulties at attempts to achieve 

the semi-continuous deformation process by the “workpiece-

by-workpiece” scheme. In addition, because of the 
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significant change in liquid volume under high pressure 

during deforming the acceleration of the workpiece motion 

and even its “shot” at the process end are possible. To 

prevent these negative phenomena a number of measures 

substantially complicating the hydroextrusion technology are 

used. In particular, the hydromechanical extrusion methods 

combining the high hydrostatic pressure with the mechanical 

force are known [8-10]. Their use provides the complete 

control of the workpiece and product motion during 

deforming, and, consequently, one can achieve semi-

continuous production process by the “workpiece-by-

workpiece” scheme. The series of hydromechanical extrusion 

schemes is described in [11, 12]. 

2. Description of the Hydromechanical 

Extrusion Concept 

When carrying out hydromechanical extrusion the 

workpiece is placed into the container and deformed at the 

given length, the liquid pressure is released. After that, the 

next workpiece is placed in and is deformed at the given 

length, etc. [11, 12]. The process is conducted with the 

application of pressure to the back faces of the workpieces 

that is of 10–15% of the total deformation force [13]. The 

technological feature of the process is the envelopment of the 

entire workpiece by the actuating medium and the 

substitution of dry friction of the extruded metal on the 

container wall and the matrix channel by the liquid friction 

with the corresponding reduction of the extrusion pressure, 

which is often very high. 

There are also a number of methods of workpiece 

extrusion with application of active influence of friction 

forces at which the deformation non-uniformity and 

necessary extrusion force are reduced. After the conducted 

analysis of the contemporary energy efficient methods of 

workpiece extrusion realization we came to the conclusion 

that the HE method completely meets requirements which 

were described at the beginning of the article [14]. Taking 

into consideration the difficulties of realization of HE process 

there is a necessity in developing the modern system of HE 

process control [10, 15 and 16]. The mathematical apparatus 

for modeling the extrusion process is the base of 

development of the control computer-aided system. The 

mathematical modeling is considered by the authors of the 

article as the base for subsequent development of computer-

aided systems: technological production preparation, design 

of equipment and a tool, control of a technological process, 

control of machines and aggregates, and production quality 

control [17, 18]. 

3. Scheme of Development and Research 

of HE Process 

Fig. 1 shows the development and research scheme of HE 

process using software. According to this scheme the design 

of a new technological process is not limited to the creation 

of mathematical and computer models of the process. It is 

also need to develop a technology for manufacturing of parts, 

to carry out the engineering analysis and monitoring of 

workpieces damage, to develop the appropriate technological 

equipment subject to the limits of the applied equipment, to 

plan the experimental study. To accomplish the tasks the 

integration of various software tools of CAD and CAE 

systems (SolidWorks and DEFORM 2D (3D) software 

packages) with the system of computer mathematics 

MATLAB was carried out. The software package 

SimulaTMP proposed in [19] is taken as a basis for the 

design system. SimulaTMP is assigned for modeling the 

processes of metal working by pressure. As a result of the 

conducted research works the mathematical model of HE has 

been added into the knowledge base of the software system. 

 

Figure 1. Pattern of development and research of the HE process with application of software tools. 

4. Computer Simulation of the HE 

Process 

In the study we considered the HE process by varying the 

draw from 2 to 8 and the coefficient of friction from 0.1 to 

0.4 for a given diameter of a workpiece 9 mm.  

At the initial stage of the study the researchers entered the 

raw data, and then the preliminary calculation of the tool 

geometry and the calculation of the basic parameters of the 
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technological process were made within the constraints on 

the capability of the equipment, on the specific pressures on 

the tool, on the heterogeneity of workpiece deformation. 

Both at the hydromechanical extrusion and at the direct 

extrusion there is an optimum angle of die conicity. This 

angle minimizes the required extrusion pressure. The 

optimum angle is determined according to [20]. With 

development of computer engineering and increasing its 

productivity it became possible to compute the optimal die 

angle. After entering the raw data the minimization of 

extrusion force is made taking into account the given initial 

conditions. Then the initial geometry parameters (die angle) 

are defined depending on the value of the friction ratio and 

the drawing value. The results are displayed in a table in a 

separate window [16]. 

5. The Results of Computer Simulation 

 

a 

 

b 

Figure 2. Extrusion force as a function of the friction value at different 

draws (a); extrusion force as a function of the die angle at different friction 

ratios (b). 

Below the results of a computer simulation of the HE 

process are shown. The extrusion pressure depends not only 

on the die angles but also on the value of the friction ratio. 

Fig. 2a shows that with increase of the friction ratio the 

extrusion pressure also increases. In the case of optimum 

design of the die the extrusion force as a function of the 

drawing value at the constant initial diameter of a workpiece 

is shown in Fig. 2b. 

After the initial tool geometry is determined in accordance 

with the scheme shown in Fig. 3, a three-dimensional 

parametric model of production tooling and a workpiece is 

created and transmitted in the format *.XLS in the CAD 

package of Solid Works. The researcher has a possibility to 

modify the model (Fig. 3). 

 

Figure 3. Three-dimensional model of tooling for hydromechanical 

extrusion. 

1 - mouthpiece; 2 - deforming die; 3 - ram case; 4 - punch; 5 - container; 6 - 

sleeve; 7 - bottom spacing ring. 

On the base of the raw data as a result of determining the 

extrusion force and the optimum die angle the calculation of 

the tool sizes is carried out to provide the necessary rigidity 

of the construction. 

After the tool model is edited through data export and 

import the parametric model (configuration details data) is 

transferred in the format *.igs (*.stl) to Deform2D (3D) of 

CAE package to simulation of the HE process. Then the 

engineering analysis of the data obtained by computer 

simulation is carried out. 

In the package Deform2D (3D) the necessary calculations 

using the finite elements method were made (Fig. 4). The 

result of computer simulation of the HE process in the 

package DEFORM 2D is prediction of the filling of the 

deformation zone and the emergence of the defects, 

determining of necessary deformation force, deformation 

energy, stress-strain state, the flow velocity of the workpiece 

material and the lubricant layer. The deforming force was 

determined depending on the size of the workpiece, its shape, 

and friction ratio and material properties. Furthermore, by 

computer modeling the workpiece parameters such as the 
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cumulative strain, the stress, the direction of the workpiece 

fiber, the possibility of destruction of the workpiece and tool 

wear were determined. 

Fig. 4a shows a 3D model of the hydromechanical 

extrusion. Between the workpiece and the tooling there is a 

layer of lubricant. It is evident that during the deformation 

process the lubricating layer advances the workpiece that is 

possible due to active action of friction forces. Fig. 4b shows 

the distribution of deformation intensities over the 

longitudinal section of the workpiece. It was found that the 

maximum intensity of deformation (indicated by the arrow in 

the figure) equal to 0.168 is observed in the center of 

deformation on the axis of symmetry of the workpiece. 

Figure 4c shows the distribution of the average normal 

stresses over the longitudinal section of the workpiece. It is 

obvious that in the center of deformation the compressive 

stresses dominate. The minimum of the average normal stress 

(indicated by the arrow in the figure) equal to -95,4 MPa is 

observed on the axis of symmetry of the workpiece in the 

area disposed in the working cone of the die. Figure 4d 

shows the distribution of stress intensity over the longitudinal 

section of the workpiece. 

In the package DEFORM the computational simulation of 

the studied process, defining the stresses and the 

deformations of the junction points of the finite element grid, 

determination of the extrusion force at each iteration step 

were made. On the second stage the tool stress analysis is 

carried out (Fig. 5). The researcher also has a possibility to 

interact with the package DEFORM for run-time correction 

of the computation progress. 

 

a - model of hydromechanical extrusion; b - distribution of effective strain; c - distribution of mean stresses; d - distribution of effective stresses. 

Figure 4. The results of computer simulation in the package Deform2D. 

Figure 5 shows the distribution of equivalent stresses over 

the longitudinal section of the tool and the workpiece, the 

maximum equal to 330 MPa is revealed in zone I. The 

engineering analysis of the HE process allows defining the 

optimum conditions of deformation by minimizing the 

extrusion force and the deformation inhomogeneity. Prediction 

of material workpiece damage allows to reveal the possible 

defects on the design stage and to generate the conditions for 

their prevention. The tool strength calculation provides a 

possibility of selection the material for tool production. 
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Figure 5. The results of tool analysis in the package Deform2D (3D). 

According to the results of computer simulation the 

drawings for tool production are developed. 

6. Experimental Investigation 

Cylindrical workpieces of aluminum alloy Al5056 with 

diameter of 9 mm and length of 22 mm were extruded in all 

experiments. The definition of optimum technological 

parameters of the HE process on the condition of minimum 

damage and minimum extrusion force was the aim of the 

experimental investigation. Below the scheme and the results 

of the experimental investigation of the HE process are 

shown (Table 1). 

Table 1. The scheme and the results of the investigation of the HE process. 

Friction ratio, Ψ Process value 
Draw µ 

2 4 6 8 

0,1 

q, MPa 100 200 300 400 

Pх104, N 2,71 4,22 5,2 6,37 

ω 0,308 0,293 0,172 0,175 

0,2 

q, MPa 200 100 400 300 

Pх104, N 2,14 4,32 5,45 6,61 

ω 0,32 0,31 0,205 0,179 

0,3 

q, MPa 300 400 100 200 

Pх104, N 2,46 4,36 5,75 6,67 

ω 0,271 0,184 0,17 0,239 

0,4 

q, MPa 400 300 200 100 

Pх104, N 2,68 4,53 5,7 6,82 

ω 0,326 0,164 0,12 0,176 

According to the results of the calculation experiment we 

chose the mathematical model for definition the damage 

factor (1) 

2

2

1 2 3 4 5 6f

q q q
D b b b b b b

p p p
µ µ µ  

= + + + + +  
 

         (1) 

where 
f

D  – damage factor (Cockcroft-Latham damage 

model); µ - draw; q p - ratio of the lateral pressure to the 

stress of extrusion; 1 2 3 4 5 6, , , , ,b b b b b b - constant coefficients. 

 

Figure 6. Specific extrusion stress (a) and damage factor f
D  (b) as functions of the draw µ  and the ratio of the lateral pressure to the stress of extrusion

q p . 

To determine the relationship (1) we carried out the regression analysis of the experiment results shown in Table 1 and 

Figure 6a. Statistical processing of the experimental data using the computer mathematics system MATLAB gave a possibility 

to get the following regression equation: 

2

21,1537 0,0872 5,789 0,0329 0,0062 7,0712f

q q q
D

p p p
µ µ µ  

= + − − − +  
 

                                (2) 

The analysis of the simulation results allowed recognizing 

the optimal parameters of the HE process on the condition of 
minimizing the damage factor. With the draw value 2µ =  

and the ratio of the lateral pressure to the stress of extrusion 
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equal 0,42q p =  the Cockcroft-Latham damage factor 

equals 0.0917
f

D = . Since at production of rod pieces there 

is a limitation of the draw 4µ ≥ , the optimal process 

parameters of the hydromechanical extrusion on the 

condition of minimizing the damage factor are 0,42q p = . 

Thus, the value of the damage factor increases from 

0.1639
f

D =  to 0.1863
f

D =  when the draw value changes 

from 4 to 6. The further increase of the draw leads to 

reduction of the damage factor to the values 0.1789
f

D =  

and 0.159
f

D =  for 7µ =  and 8µ =  respectively. The 

optimal value of the ratio of the lateral pressure to the 

extrusion stress remains constant and equal 0,42q p = . 

Based on the results obtained at simulation of the HE 

process of the aluminum alloy we chose the mathematical 

model (3) to describe the value of the specific extrusion 

stress. 

2

1 2 3 4 5

to

p q q
a a a a a

p p
µ µ µ

σ
= + + + +              (3) 

where  – extrusion stress; toσ  - initial value of yield 

stress; µ - draw; q - pressure to lateral side of the workpiece 

(lateral pressure); 1 2 3 4 5, , , ,a a a a a - constant coefficients. 

Using the computer mathematics system MATLAB we 

formed the dependence of the specific extrusion stress top σ  

on the draw µ  and the ratio of the lateral pressure to the 

extrusion stress q p  (Fig. 6b). Statistical processing of the 

experimental data using the computer mathematics system 

MATLAB allowed receiving the following regression 

equation: 

2
0,6899 0,3594 1,3655 0,3526 0,0238

to

p q q

p p
µ µ µ

σ
= + + + −  (4) 

According to the simulation results it can be concluded 

that with draw increase the specific extrusion stress increases 

from 0.9 to 2.86. It is recommended to use a draw specified 

from the permissible value of the pressure on the punch. 

Thus, when / 2.5per top σ =  and  the maximum 

draw equals 7µ = . 

The proposed method can be used to study the process of 

the hydromechanical extrusion of hard-to-deform metal 

materials. 

7. Conclusion 

The methodic of the computer-aided engineering analysis 

and the design of a new technological process such as the HE 

process was worked out. In the developed software system as 

a result of the integration of several specialized packages the 

system of computer-aided design of technology and 

equipment for implementation of the high-performance HE 

process producing the simulation of the process, the 

calculation of the basic power parameters, the test of strength 

and the development of assembly drawings and parts tooling 

was created. The analysis of the results of HE process 

simulation is presented in a visual form and shows that use of 

active friction forces reduces the extrusion force. 

When developing the software the problem of introducing 

a new technological process into the existing software 

environment was solved. The developed software system can 

be widely used in development of new technologies and 

optimization of existing technologies as well as a study aid 

for construction of complex integrated software systems. 
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