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 The hot compression test was conducted in Gleeble-1 500D to study the hot flow stress behavior of AA6 111 alu-
minum alloy belonging to Al-Mg-Si series, at the deformation temperatures ranging from 350 to 500 °C and strain 
rates ranging from 0,01 s-1 to 1 s-1. And how the flow stress change with variation of strain, temperature and strain 
rate was investigated. The results show that flow stress increases with decreasing temperature and increasing strain 
rate; the AA6 111 is positive stain rate sensitive material; the main softening mechanism is dynamic recovery. Fur-
thermore, constitutive equation considering the effect of strain was obtained based on Arrhenius equation. The 
predicted flow stress values well agree with the experimental results with some little aberration. The coefficient of 
association can be as high as 0,9 954, which shows high reference value for industry and simulation analysis.
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INTRODUCTION

Vehicle lightweight is the mainstream of manufac-
turing design nowadays, the adoption of aluminum al-
loy instead of steel is one of the important ways of light-
weight. Aluminum alloy has low density, high specific 
strength, specific modulus, fracture toughness, oxida-
tion resistance, and good process forming performance, 
so it has been paid more attention and applied in avia-
tion aerospace, automobile and other industries and sci-
entific research fields [1-3]. AA6 111 aluminum alloy is 
a series of Al-Mg-Si alloy, Mg2Si strengthening phase 
can be formed after certain heat treatment, so as to im-
prove the strength of the material, and has good forma-
bility. At present, it is mainly used in the manufacturing 
of automobile parts, which is regarded as a promising 
material in the automobile industry and the preferred 
body material for many automobile manufacturing [4-
6]. In the body manufacturing, the 6XXX series is 
mainly used in the production of automobile exterior 
plate, and can also be used in the production of automo-
bile interior plate. Among them, Europe uses more AA6 
016 aluminum alloy, and the United States uses more 
AA6 111 aluminum alloy [7]. With the development of 
automobile and the of lightweight process, aluminum 
alloy will be more applied in automobile and other in-
dustries, and the research on AA6 111 is of great sig-
nificance.
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In this paper, the hot compression test was conduct-
ed by Gleeble-1 500D to obtain the stress-strain rela-
tionship curves at different temperatures and strain 
rates, to establish the flow stress constitutive equation 
on AA6 111 based on Arrhenius. The predicted value is 
in good agreement with the experimental value by the 
equation. The correlation coefficient can reach 0,9 954.

EXPERIMENTAL PROGRAM

The experimental material is AA6 111-T4 high-
strength aluminum alloy of American aluminum corpo-
ration. First the aluminum alloy rod processed into 815 
mm hot compression test specimen. Then the isother-
mal hot compression test was conducted in Gleeble-
1500D, the deformation temperature is 350 - 500 °C, 
the strain rate is within the range of 0,01 - 1 s-1. When 
doing the experiment, with 10 °C/s first heated to solid 
solution temperature is 550 °C, solid solution time 5 
min. And fell to deformation temperature at 5 °C/s, 
compression is carried out after the heat preservation 60 
s. Experiment data points are automatically collected by 
the equipment. Extract experiment data points, sort 
data, and processed experiment errors.

RESULTS AND ANALYSIS

Figure 1((a), (b), (c)) is the stress-strain curve of AA6 
111 aluminum alloy at different temperature and strain 
rate. It can be seen from the Figure 1, the flow stress in-
creases rapidly with the increase of strain. Because in the 
initial deformation stage, with the continuous increase of 
dislocation density, the hardening mechanism dominates, 
but the softening mechanism is not obvious. When the 
deformation reaches a certain stage, the softening mecha-
nism of the material will gradually play a greater role due 
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to the recovery and recrystallization, so the flow stress 
increases slowly. The softening and hardening mecha-
nisms compete with each other and gradually approach 
equilibrium, so the flow stress presents a relatively stable 
change trend within a certain strain range. Under the 
same strain rate, the flow stress along with the rise of 
temperature to drop, mainly because the temperatures 
make atomic energy of thermal motion increase and the 
bonding force between atoms reduce to reduce the mate-
rial tensile ability. At the same time, the rise of tempera-
ture also contributed to the recovery and recrystallization 
softening mechanism, so as to make the flow stress rising 
trend. Under the same temperature, the flow stress in-
creases with the increase of strain rate, the main cause of 
this phenomenon is the occurrence of the dislocation pro-
moted under great strain rate, the unit time to participate 
in the increase in the number of dislocation motion, thus 
increase the degree of strain hardening alloy, used to hap-
pen at the same time fully softened time is shortened, 
lead to the increase of the flow stress. Thus, the strain rate 
sensitive coefficient of material is positive, AA6 111 is 
positive strain rate sensitive material. If the influence of 
temperature and strain rate on flow stress is further quan-
tified, the temperature sensitivity coefficient and strain 
rate sensitivity coefficient under different deformation 
temperature and strain rate can be obtained according to 
the empirical formula and experimental data. When the 
stress passes through the yield point, the curve does not 
show an obvious downward trend, but a certain upward 
trend. The higher the temperature is, the more obvious it 
is. It shows that dynamic recrystallization is not signifi-
cant and the softening mechanism is mainly dynamic re-
covery.

ESTABLISHMENT 

OF CONSTITUTIVE EQUATION 

Constitutive equation is often used to estimate the 
flow stress of a material during thermal deformation. 
The material constants in the constitutive equation can 
be determined by the stress-strain data of the thermal 
compression test at different temperatures and rates. 
Under the condition of high-temperature deformation, 
the relationship between flow stress, temperature and 
strain rate can be expressed by Arrhenius equation. 

Moreover, the influence of temperature and strain rate 
on material deformation can be expressed by Zener-
Holloman parameter(Z). Its expression is shown in 
equation (1) and (2):

  (1)

  (2)

In the equation: f(σ) is a stress function and has the 
following three forms:
  (3)

  (4)

  (5)

In the equation: σ – flow stress/MPa; T – 
temperature/K; R – gas content/8,3 144 Jmol-1·K-1, Q – 
thermal deformation activation energy/Jmol-1; A, n1, n, 
β, α (α = β/n1) – material constant.

Normally, the power function is applied to the low 
stress region and the exponential function is applied to 
the high stress region. The hyperbolic sinusoidal stress 
gives a good linear relationship in different stress levels 
at different stress levels. However, these equations have 
some deficiencies in the description of the flow stress, 
because the influence of the strain on the flow stress is 
not considered in the equation.

DETERMINATION OF MATERIAL CONSTANT

In this paper, the influence of the strain variable on 
the material parameters of the equation is consid-
ered. The process of determining the material con-
stant is introduced by taking the strain variable of 0,55 
as an example.

The equation (6) and (7) can be obtained by combin-
ing with equation (2), (3) and (4).
  (6)
  (7)

B1 and B2 are material constants independent of de-
formation temperature. Take the logarithm of both sides 
of equation (6) and (7) can be obtained

  (8)

Figure 1 True stress-strain curves of AA6 111 aluminum alloy
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  (9)

When strain variable is 0,55, plug different strain rate 
values and corresponding flow stress values into equa-
tion (8) and (9) to obtain the relationship between flow 
stress and strain rate, as shown in Figure 2. It can be seen 
that the flow stress in the hot compression deformation of 
aluminum alloy can be predicted by such a group of par-
allel lines. Due to each hot compression experiment is 
carried out at the same temperature, partial differential of 
equation (8) and (9) can obtain equation (10) and (11):

  (10)

  (11)

By calculating the slope of the line in the figure, can 
obtain the n1 and β values at different deformation tem-
peratures. The average values of n1 and β are 9,851 and 
0,167, respectively. Further, obtain α = β/n1 = 0,017.

For the whole flow stress state including high stress 
zone and low stress zone, a hyperbolic sinusoidal model 
can be used to describe.
  (12)

Take the logarithm of both sides of the equation can 
get:
  (13)

Partial differential of equation (13) to get:

  (14)

  (15)

In order to obtain the n value, the relation diagram of 
ln[sinh(ασ)] – lnε⋅ under different deformation tempera-
tures can be drawn when the strain is 0,55, as shown in 
Figure 3 (a). The slope of the regression line obtained is 
the reciprocal of the material constant n. The average 
value of n obtained at different temperatures is 7,300. In 
the same way, draw the relation diagram of ln[sinh(ασ)] 
– 1000/T under different deformation rates, as shown in 
Figure3 (b). Plug the slope of the regression line under 
different deformation rates and the corresponding n and 
R values into equation (15) can obtain the Q values un-
der different strain rates, and then take the average val-
ue of 148,616KJ/mol.

In the end compute the value of A. According to 
equation (13), you can obtain ln A = Q / (RT) – nH, and 
H is the intercept value of the linear fitting of 
ln[sinh(ασ)] – lnε⋅ . lnA = 22,464 are obtained.

THE STRAIN COUPLING 

OF CONSTITUTIVE EQUATION

Because the equation (2) does not involve strain 
variable. In many related public literatures, the influ-
ence of strain change on flow stress is seldom men-
tioned. However, it can be seen from Figure 1, the effect 
of strain is very obvious, especially in the initial stage of 
compression. At the same time, it can be seen from Fig-
ure 4 ((a), (b), (c), (d)) that the material constant is sig-
nificantly affected by strain. Therefore, it is necessary 
to consider the effect of strain into the equation, and the 
stress value can be predicted better. Calculate the values 
of material constants (α, n, Q, A) at different strains, 7 
strain values were taken between 0,15 and 0,75 with an 
interval of 0,1, and then the obtained data were fitted. 
Generally, the number of fitting polynomials is between 
4 and 6. After continually attempt, it is found that the 
fitting effect is better by using the quintic polynomial to 

Figure 2 Relationship between true stress and strain rate Figure 3 Relationship ln[sinh(ασ)] and strain rate, temperature
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fit the relationship between them. The correlation coef-
ficient can reach above 0,9 960.

The fitting polynomials of each parameter are as fol-
lows:

The fitting  p olynomial coefficients are shown in Table 
1.

Table 1 Coefficients of polynomial for material parameters

α n Q lnA
B0 0,027

-0,081
C0
C1

4,252 D0 190,894 E0 29,814

B1 20,817 D1 -242,004 E1 -40,926

B2 0,352 C2 -89,925 D2 1 051,98 E2 179,229

B3 -0,801 C3 206,488 D3 -2 784,4 E3 -481,761

B4 0,874 C4 -216,718 D4 3 449,83 E4 602,610

B5 -0,363 C5 84,578 D5 -1 578,6 E5 -277,889

When the material constant is determined, the ex-
pression of the flow stress containing the Z parameter 
can be written according to equation (1) and (12):

VERIFICATION OF CONSTITUTIVE EQUATION

In order to verify the accuracy of the established 
constitutive equation, the predicted values were calcu-

Figure 4  5th order polynomial fit between model parameters and strain

Figure 5  Comparison between experimental and predicted 
results



271

  B. Z. WANG et al.: CONSTITUTIVE EQUATIONS OF AA6111 ALUMINUM ALLOY

METALURGIJA 58 (2019) 3-4, 267-271

lated by the constitutive equation is compared with the 
experimental value, as shown in Figure 5 ((a), (b), (c)).

Generally speaking, the prediction of flow stress by 
constitutive equation is relatively accurate, and the cor-
relation coefficient between the experimental and the 
predicted value of flow stress is more than 0,995, as 
shown in Figure 6. Therefore, the equation has high ap-
plicability.

CONCLUSION

(1) Flow stress of AA6 111 aluminum alloy de-
creased with the increase of temperature under the same 
strain rate in the process of hot compression deforma-
tion. At the same temperature, the flow stress increases 
with the increase of strain rate. It is a normal strain rate 
sensitive material. The relationship among flow stress, 
strain rate and temperature can be expressed by Arrhe-
nius equation with Zener-Holloman parameters.

(2) The constitutive equation of AA6 111 aluminum 
alloy was established, and considered the effect of strain 
variable on flow stress. It can predict flow stress accu-
rately. Scope of application, the strain between 0,05 - 
0,8, strain rate between 0,01 - 0,1s-1, the temperature is 
between 350 - 500 °C.

Figure 6  Correlation between experimental and predicted 
valu es

(3) By comparing with the experimental value, the 
correlation coefficient between the predicted value and 
the experimental value of the established constitutive 
relation in this paper is above 0,995. It is shown that the 
constitutive relationship of AA6 111 aluminum alloy 
can accurately predict the flow stress in the experimen-
tal range.
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