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The article presents the results of rheological testing of Al 5754 alloy in series 5xxx, obtained for deformation param-
eters corresponding to the process of extrusion of large-size sections on presses. The effect of deformation condi-
tions on the variations in yield stress magnitude was determined. Then, using the least squares method., the actual 
values of the coefficients of the mathematical model describing the rheological properties of the material under 
investigation were determined, thus obtaining grounds for conducting the model studies of the extrusion process 
based on numerical methods.
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INTRODUCTION

Owing to their properties, and primarily light weight, 
aluminium alloy find application in various construc-
tional solutions, where the important factor is the mass 
of the structure, namely in aircraft, motor-cars, rolling 
stock, the power industry and the construction industry, 
as well as in the food and chemical industries. Magnesi-
um-containing aluminium alloys in series 5xxx have an 
average tensile strength, but they are very resistant to 
corrosion. Alloys of this series are also characterized by 
very good susceptibility to mechanical treatment and 
are relatively easy to be joined by the welding method. 
Moreover, these alloys, similarly to other aluminium al-
loys, are readily recyclable, and in the case of using alu-
minium in the production process, it is possible to reuse 
more than 90 % of the production waste [1].

Products that find wide application in modern, light-
weight structures are flats (panels) of a different, often 
complex design, manufactured by extrusion on presses.  

Extrusion is a widely used process in the manufac-
ture of long complex cross-section elements. This tech-
nological method enables unique shapes of products to 
be obtained, which creates exceptional design opportu-
nities for architects and designers. 

Prior to implementing the process of manufacturing 
new products in industrial conditions, it is necessary to 
understand the rheological properties of the alloy to be 
processed and to carry out model studies based on nu-
merical methods in order to be able to select the engi-
neering and force parameters of a specific plastic work-
ing process.
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A basis for the correct simulation and design of tech-
nological processes is a good knowledge of the charac-
teristics describing the engineering properties of the 
material to be deformed. For plastic working processes, 
a key feature characterizing the susceptibility of a mate-
rial to plastic forming is the yield stress σp [1, 2]. 

The yield stress σp is defined as the value of stress 
necessary for initiating and continuing the plastic flow 
of metal under the conditions of the uniaxial stress state 
occurring during simple tension or compression. Its 
value depends on the deformation conditions, mainly 
on the deformation specimen temperature (T), the value 
of true strain (ε), the mode of this strain increasing in 
time ε (t), and on the strain rate (ε. ) [3].

The determination of the engineering plasticity 
characteristics is especially difficult for hot plastic 
working conditions, because the considerable plastic 
deformation preset for this kind of working is accompa-
nied by a significant strain hardening. Under such con-
ditions, recovery and dynamic recrystallization process-
es proceed intensively in the metal [3 ÷ 5]. 

The rheological behaviour of deformed materials is 
sufficiently adequately characterized by the flow 
curves, σp - , which are a result of interactions between 
strain hardening processes, recovery processes and dy-
namic and meta-dynamic recrystallization processes. 
By knowing these processes and controlling them, it is 
possible to optimize the energy–force and engineering 
parameters of various metal plastic working processes 
and to significantly influence the mechanical properties 
and structure of finished products.

PURPOSE OF THE STUDY

The purpose of the study was to determine the prop-
erties of the Al5754 aluminium alloy and to present 
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them in the form of stress–strain diagrams, while allow-
ing for the effect of temperature, true strain and strain 
rate on the yield stress magnitude. 

Based on performed tests, the graphs of the variation 
in stress magnitude as dependent on the preset actual de-
formation of the Al5754 alloy were determined, the ap-
proximation of the obtained curves was made, and the 
yield stress function coefficients, which could be used in 
the numerical studies of the extrusion process to be car-
ried out using software programs, such as the finite ele-
ment method-based FORGE 2011, were selected. 

The ranges of strain, strain rate and temperature var-
iation during the experimental tests were taken based on 
the characteristics of machines used in actual extrusion 
processes, as well as from the data available in the lit-
erature [6, 7].

THE RHEOLOGICAL PROPERTIES 

OF THE AL5754 ALLOY

The values of yield stress, as dependent on the true 
strain, temperature and strain rate, occurring in the ac-
tual extrusion process, were determined from hot com-
pression tests. The tests were performed on the Gleeble 
3800 metallurgical process simulator at the Institute for 
Plastic Working and Safety Engineering of the Czesto-
chowa University of Technology. 

The plastometric tests were conducted for the fol-
lowing parameters:

-  specimen temperature: 350 ºC, 400 ºC, 450 ºC, 
500 ºC, 550 ºC;

- strain rate: 0,01 s-1, 0,1 s-1, 1 s -1, 10 s-1;
- true strain: up to 1,15.
Based on the plastometric tests, the diagrams of the 

relationship of stress versus true strain diagrams for the 
Al5754 alloy were developed (Figs. 3 a ÷ e) and the 
coefficients of the yield stress function were selected 
(1). Relationship (1) is often used for determining the 
value of σp in computer programs during numerical 
modelling of extrusion processes. After the approxima-
tion of plastometric test results, the coefficients of 
Equation (1) were determined. The values of the deter-
mined coefficients are provided in Table 1. Chemical 
composition of the alloy is shown in Table 2.

  (1)
Table 1  The values of the parameters A and m1 - m9 used for 

determining the values of σp for the Al 5754 alloy

Al alloy m1 m2 m3 m4

-0,007410 0,335976 -0,177727 -0,0002228
A m5 m7 m8 m9

0,1900358 -0,0042127 0,4302946 0,0007222 1,6723026

Table 2 Chemical composition of the Al 5754 alloy / wt. %

Al alloy Si Fe Cu Mn
0,224 0,14 0,007 0,465

Mg Cr Zn Ti Al
3,44 0,002 0,002 0,018 R

Figure 1  The Al5754 alloy work-hardening  curves for the 
strain rate range of (0,01 s-1 – 10 s1): a) at 350 °C, b) at 
400 °C, c) at 450 °C; d) at 500 °C; e) and at 550 °C, 
solid symbols – experimental curves, hollow symbols 
– approximated curves

a)

b)

c)

d)

e)
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The data presented in Figures 1 a ÷ e shows that dur-
ing the deformation alloy Al5754 at a low velocity of 
0,01 s-1 in the entire deformation range tested and in the 
temperature interval of 350 ÷ 450 °C, the material un-
dergoes strain hardening in the initial phase; however, 
after attaining a maximum yield stress value, a plateau 
effect is observed, and on this basis it can be inferred 
that under such deformation conditions a dynamic re-
covery process occurs in aluminium, which eliminates 
the work hardening results. For specimens deformed in 
the temperature interval of 500 ÷ 550 °C, a slight slope 
in σp yield stress values is visible on the work-hardening 
curves for true strains of 0,3 ÷ 0,4 at a temperature of 
500°C, and 0,4 ÷ 0,6 at a temperature of 550°C. 

From the analysis of the work-hardening curves ob-
tained for a strain rate of 0,1 s-1 and temperatures from 
the interval of 350 ÷ 450 °C it can be found that, after 
attaining a maximum value of σp yield stress, its distinct 
decline is observed in the strain range of 0,4 ÷ 0,8, 
whereupon the σp value increases. 

Examples of structure pictures taken after individual 
deformation stages are shown in Figures 2. The de-
crease in the value of plasticizing stress is caused by the 
occurrence of dynamic recrystallization, which is con-
firmed by the images of structures shown in Figures 2 b 
and c.

Figure 2 shows a picture of the initial structure of the 
investigated alloy, where homogeneous grains of a sim-
ilar size can be seen (a) and alloy structure deformed at 
0,1 s-1, at 350 0C, for real deformations  = 0,4 (b) and  
= 0,6 (c). 

The deformation resulted in the Al alloy grain refin-
ing in relation to the initial structure of the alloy and a 
slight grain elongation in the direction perpendicular to 
the applied compressive force can be noticed (Figure 2 
b and c).

In the strain hardening curve obtained for specimens 
deformed at a temperature of 500 °C, a slight strain 
hardening is observed with the increase in deformation, 
while for the strain hardening curve plotted for a tem-
perature of 550 °C, a slight material weakening is ob-
served, as evidenced by a lower stress value.

The strain hardening curves obtained at strain rates 
of 1 s-1 and 10 s-1 within the entire temperature interval 

tested show a slight strain hardening with increasing 
true strain magnitude and are monotonically growing.

From the analysis of the approximation error it can 
be found that at a lower deformed specimen tempera-
ture the behaviour of the flow curves is more influenced 
by strain rate, while at higher temperatures, the influ-
ence of strain rate on the shape of the curves decreases. 
Therefore, at lower temperatures, a larger approxima-
tion error occurs for smaller strain rate values, while at 
higher temperatures – for greater strain rate values.

It is assumed that the coefficients of approximating 
function (1) are sufficiently adequately selected if the av-
erage approximation error does not exceed 8 ÷ 10 % [8]. 
For the range of thermo-mechanical parameters under 
examination, the average approximation error is 5,3 %. 

Based on the analysis of the shape of the σ − ε 
curves, for all deformation conditions, the analysis of 
variations in temperature occurring during the process 
of deformation  in the examined variants was made. For 
the Al alloy under investigation, the occurrence of a 
thermal effect was observed for larger strain rate values. 
The analysis of the data in Figure 1 a shows that for 
deformations in the range of 0,01 ÷ 0,20, the strain 
hardening of the materials is greater for higher strain 
rates. At deformations above 0,20, an increase in mate-
rial strain hardening is observed for lower strain rates. 
This behaviour of the material is associated with the 
thermal effect occurring during plastic deformation. 
With the increase in test specimen temperature, the in-

a) b) c)

Figure 2  The initial structure of the Al 5754 alloy, 64 x a), and the structure of the alloy deformed at a rate of 
0,1 s-1 at a temperature of 350 0C for deformation amounting to b)  = 0,4 and c)  = 0,6, respectively

Figure 3  The thermal effect of plastic deformation of the 
Al5754 alloy, obtained during deformation at a strain 
rate of 10 s1 for the temperature interval of 350 °C – 
550 °C
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fluence of the thermal effect of plastic deformation is 
smaller. The range of variations in the temperature of 
specimens deformed at a rate of 10 s-1, allowing for the 
plastic deformation thermal effect, as related to the pre-
set process temperature, is shown in Figure 3.

SUMMARY

Based on the analysis of the results of investigation 
into the influence of thermomechanical parameters on 
the magnitude of the yield stress of the hard deformable 
Al 5754 alloy, the following conclusions have been 
drawn:

-  the position of the maximum in the flow curves for 
the Al alloy under examination depends primarily 
on the temperature and strain rate. The lower the 
strain rate value and the higher the temperature, the 
lower the deformation values at which the maxi-
mum σ value is attained;

-  in the examined range of parameters, a good con-
sistency between the actual yield stress values and 
the values obtained by approximation was ob-
tained; the average approximation error was 5,3 %, 
and therefore the results obtained from the approx-
imation of the flow curves can be used in numeri-
cal modelling of plastic working processes;

-  during plastic deformation of the 5754 grade alu-
minium alloy, a thermal effect occurred for the 
largest strain rate values.
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