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Abstract: The flow behavior of 5754 aluminum alloy was researched using the plane strain
compression test for the range of 300-500 °C and 0.1-10 s™. The experimental flow curves acquired
directly from Gleeble-3500 show that deformation parameters have a significant effect on the flow
curves. All curves show a broad peak due to the dynamic softening after the work hardening. In
addition, the flow curves display a slight downward trend after reaching the peak stress at low and
medium strain rates. This softening mechanism has been further investigated by the work
hardening rate and the results show that the flow characteristics of 5754 aluminum alloy are mainly
controlled by the mechanism of competition between hardening, dynamic recovery and continuous
dynamic recrystallization. Based on the corrected true strain-stress curves, the constitutive model
of the corresponding softening mechanism has been established by a linear regression method.
Then, the developed model was embedded in the finite element (FE) analysis software (ABAQUS)
by encoding the UHARD subroutine and the hot compression process of the alloy was simulated
and analyzed. The simulation results show that the sample has an uneven flow in the deformation
zone, which is consistent with the grain morphology of the corresponding region of the test sample.
In addition, the simulated load-stroke values were well fitted to the experimental data. The
predictive ability of the model was quantified by statistical indicators. It emerged that the FE of the
embedded constitutive model effectively simulates the hot working process of 5754 aluminum
alloy, which has reference value for actual processing.

Keywords: hot compression; flow behavior; dynamic softening; constitutive model; finite element;
subroutine

1. Introduction

Hot working as the upstream process of cold working is a very complicated and important
process [1-4], which requires not only a certain dimensional accuracy, but also the need to achieve
the appropriate microstructures and mechanical properties. Hence, it is essential to determine the
softening mechanism and flow behavior of the metal during hot working [5], which can also provide
the basis for the optimization of process parameters and related settings. The flow stress, which is an
important factor to describe material dynamic response changes with processing parameters during
hot deformation. Therefore, flow stress has received more attention in the field of real processing
and numerical simulation [6,7]. Normally, the relationship between the strain, temperature and
strain rate and flow stress of material is expressed by a constitutive model [8,9]. Nevertheless,
related studies have shown that the hot working behavior of metals is accompanied by metallurgical
phenomena, including dynamic softening and work hardening. Therefore, it is necessary to establish
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a constitutive model reflecting the corresponding softening mechanism. This constitutive model,
expressed as a specific mathematical relationship, can well describe the flow behavior of the material
and can be easily applied. For the finite element method (FEM) widely used in hot working analysis
and optimization [10,11], the constitutive model of metal can be encoded into the relevant analysis
software to define the material flow characteristics at various strain rates and deformation
temperatures [12]. The use of the constitutive model embedded in the analysis software allows the
simulation to fully describe the hot working behavior of the material [12,13], which can then provide
reliable reference information for actual hot working to improve the process [14]. For example,
Svyetlichnyy et al. [15] developed the constitutive model of materials into FEM, and carried out a
numerical simulation of the formation process of the corresponding material. However, the material
library of existing finite element software lacks the 5754 aluminum alloy so that the numerical
simulation of the alloy is usually replaced by an approximate material. Therefore, the simulation
results do not truly reflect the flow behavior of the material.

Aluminum alloy 5754 has a high corrosion resistance, which shows wide application potential
in the inner panels of the automobile structure. Its formability issues at room temperature restrict its
application in this field. Hence, hot working operations are commonly applied to resolve these
issues. Abbasi and Shokuhfar [16] and Lin et al. [17] pointed out that the hot working process
parameters directly affect the mechanical properties of the product, which can be optimized by
studying the flow behavior of materials. Hence, studying the rheological behavior of this alloy
during the hot working is an important task.

In this study, a plane strain compression test was performed on a Gleeble-3500 to obtain the
flow curves of the 5754 aluminum alloy at strain rates of 0.01-10 s and deformation temperatures of
300-500 °C. The obtained flow curves were used to study the rheological behavior of the material
and to establish the corresponding constitutive model. Then, the developed model was encoded into
the UHARD subroutine of ABAQUS software (6.14 release, Dassault Systemes Simulia Corp.,
Providence, RI, USA, 2014) using Fortran. The deformation process of hot compression is simulated
by establishing a FE model similar to the experimental process. The reliability of the simulation
results is evaluated by the experimental data, and the accuracy of the simulation results is further
analyzed using the correlation coefficient (R) as well as average absolute relative error (AARE).
Moreover, an OLYMPUS microscope (Olympus Corporation, Tokyo, Japan) was used to observe the
grain morphology of different regions of the deformed sample to verify the reliability of the FE
simulation of the flow behavior of the material.

2. Material and Experimental Procedure

In this paper, the chemical composition of 5754 aluminum alloy used in the experiment is
shown in Table 1. The plane strain compression test was performed on the Gleeble-3500 (Dynamic
System Institution, New York, NY, USA) to study the flow behavior. Therefore, the samples for
testing were cut into a cuboid and the geometric shapes are as shown in Figure 1.

Compression

—

Figure 1. The geometric shape of the sample during the compression test.
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The deformation conditions are as follows: strain rates were 0.1-10 s and deformation
temperatures were 300-500 °C. The Gleeble-3500 automatically records the flow curves during the
test. The tantalum foils were padded between the sample and the indenter to reduce the friction. All
samples were first heated to the holding temperature (500 °C) and maintained for 240 s to eliminate
the thermal gradient. Then, the holding temperature is reduced to the deformation temperature
(300-500 °C) to compress as shown in Figure 2. When the true strain reaches 0.7, the entire
compression process ends. The sample was quenched immediately to retain deformed grain after
each testing.

Table 1. Chemical composition (wt %) of 5754 aluminum alloy.

Al Mg Mn Si Fe Gr Zn Cu
Bal. 2.6 0.5 0.4 0.4 0.3 0.2 0.1

500°C/s

Temperature(°C)

Figure 2. Hot compression process diagram.
3. Results and Discussion

3.1. Temperature Correction

The plane strain compression test was performed on the Gleeble-3500, which avoids the
occurrence of the drum-like shape of the specimens. Additionally, some lubrication measures are
used in hot compression. Therefore, the effect of friction on the flow curve is negligible. However,
the sample is considered a non-linear power dissipater during hot compression. The dissipated
power produces a certain degree of temperature rise, which results in a non-isothermal deformation
process. The temperature rise can increase the softening effect, and the flow stress will be reduced
accordingly. So, the temperature effect should be eliminated to ensure isothermal compression
conditions. The real-time temperature and corrected flow stress can be calculated by referring to
[18]. Figure 3 shows the actual value of the temperature of the specimen for isothermal plane strain
compression test (PSCT). For a strain rate of 10 s, the temperature rose to about 20 °C with respect
to the preset temperature of 300 °C. Moreover, the temperature rise effect becomes weaker as the
preset temperature increases. In addition, when the strain rate is less than 1, the increase in
temperature is not very obvious as we can see from Figure 3. Therefore, only the high strain rate
flow curves were modified. After correction of the temperature, the flow stress showed a significant
increase as shown in Figure 4.
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Figure 3. The true deformation temperature varying with true strain at different pre-set temperatures.
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Figure 1. The experimental flow curves at different strain rates and deformation temperatures (a) 300
°C, (b) 400 °C, (c) 500 °C, and (d) 350 °C and 450 °C.

3.2. The Flow Curves of 5754 Aluminum Alloy

The corrected flow curves containing the true strain—stress data are shown in Figure 4. In the
early stages, the true stress increases with the true strain due to the work hardening caused by
cumulative dislocation density [19], but in the later period the flow curves rise slowly until the flow
stress reaches its peak, o, , due to the dynamic recovery (DRV) [20]. In addition, the flow curves
show a slight downward trend after reaching the peak stress at strain rates of 0.1 s and 1 s™. This
phenomenon is caused by continuous dynamic recrystallization (CDRX), which is called “extended”
DRYV [21]. The 5754 aluminum alloy with high stacking fault energy (SFE) tends to DRV during hot
deformation. The occurrence of dynamic recovery will consume accumulated dislocations, which
leads to certain softening effects. Therefore, the true stress reaches its peak when the work hardening
caused by the accumulated dislocations is counteracted by the softening caused by DRV. However,
this does not affect the steady state of the material. As the deformation continues, DRV might
gradually evolve into CDRX. Therefore, the flow curves of the high strain stage show a decreasing
trend. This phenomenon is more pronounced at low and medium strain rates. Similar softening
mechanisms have been reported in [21]. Moreover, the flow stress decreases with decreasing strain
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rates and increasing temperature due to the low work hardening, which indicates that high
temperature and low strain rate are more likely to induce softening effects.

The work hardening and dynamic softening mechanism of the alloy was further investigated by
the work hardening rate (0).

0= d_G (1)
de
where o and e are the true stress and true plastic strain, respectively.

The true stress—work hardening rate curves are as shown in Figure 5. The hardening rate curves
show that the material has significant work hardening after yielding. However, as the true stress
increases, the strain hardening decreases rapidly due to the dynamic softening. All curves drop to
zero after the peak true stress, indicating that the flow softening is caused by dynamic recovery [22].
However, there is a slight decrease in flow stress, which may be due to the softening of the CDRX as
described above. Obviously, the 0 increases with the deceasing temperature and increasing strain
rate and the increasing trend is more pronounced at high stress levels, which indicates that high

temperature and low strain rate are more likely to induce softening effects as described in Section
3.2.
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Figure 5. Work hardening rate vs. true stress of 5754 aluminum alloy.

3.3. Constitutive Model

For all stress levels, a hyperbolic sine form of the Arrhenius model (Equation (2)) can be used to
predict the flow behavior of 5754 aluminum. Due to the effects of DRV and CDRX, the flow curves
reach the dynamic equilibrium after the o, . The strain has little effect on the flow stress. Therefore,

the oy, isused to model and predict flow behavior.
. . l - -1 Z Un
o(e, £, T)=0,,(s&T)=—sinh [(;) ] (2)
a

where o(g, ¢, T) and o, (e, & T) are the flow stress and constant value of flow stress for DRV

curves, respectively. €, & T are the strain, strain rate (s') and absolute temperature (K),
respectively. o, A and n are the constants. The effect of deformation parameters on flow stress is
defined as Z (Zener-Hollomon parameter), which can be expressed as Equation (3):

Z=¢ exp(Q/RT) 3)

where Q and R represent the deformation activation energy (J mol) and gas constant (8.31 ] mol
K1), respectively.
The values of o, which are approximately equal to the peak stresses and their corresponding

strain rates and deformation temperatures obtained from the flow curves (Figure 4) are applied to
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calculate the model constants. Then, all the model constants of the material have been obtained by
linear regression method and the results are as shown in Table 2. Readers can refer to Reference
[23-25] for more details about the identification process of material constants. The calculated n is
roughly the same as that calculated in [26]. However, there are some deviations in other material
constants. The calculated Q is 172.078 KJ/mol for the alloy, which is higher than that of commercial
purity aluminum (105-135 KJ/mol) [5], cast A356 aluminum alloy (152-172 KJ/mol) [27] and 7050
aluminum alloy (130-153 KJ/mol) [26]. These differences are mainly due to the different material
states, the content of the material element and the computational errors.

Table 2. Material constants of 5754 aluminum alloy.

Parameter a Q (K] mol?) n A
value 0.0133 172.078 5.5593 2.27 x 10"

3.4. The Application of the Developed Model in FEM

In order to simulate the hot compression behavior of the material, the Arrhenius model is
developed into the UHARD subroutine of ABAQUS using Fortran. ABAQUS provides different
types of user subroutines to facilitate user simulation of complex issues including material
nonlinearity and complex boundaries. The UHARD subroutine called at all materials calculation
points of elements can be applied to define the yield behavior of new material. The use of the
user-defined subroutine can effectively simulate the flow behavior of the material in plastic
deformation. When using the UHARD subroutine, the yield stress (SYIELD), the yield stress versus
the derivative of the strain (HARD(1)), the derivative of the yield stress to the strain rate (HARD(2)),
and the derivative of the yield stress to the temperature (HARD(3)) need to be defined by the user.
According to the established constitutive model (Equations (2) and (3)), the UHARD can be defined
as follows:

SYIELD=0(s, £, T)= ~sinh™ (M) "

a A
[ 2RI ET)) .

A
Oo(g, &, T)
HARD(@) = 222 ) _g ©
€
Oo(g, &,T) X
HARD(2) = LT _ o
23 gan (1+ X 2)
o0o(e, & T) QX
HARD(3) = __ _

ar RT an(1+X°) 8)

3.5. Finite Element Model

The FE model of hot compression is as shown in Figure 6. The samples and forming tools are
simultaneously heated to the same temperature to eliminate the thermal gradient during the test, as
described in Section 2. Therefore, the simulation does not take into account thermal transmission of
the contact surfaces. The forming tools were set as the analytical rigid surface. However, the billet is
set as a three-dimensional deformed body. With the accumulation of strain, coarse grids are prone to
distortion in the late stages of compression deformation, which can lead to predictive errors in the
model. In order to avoid these errors due to grid distortion, the mesh of the deformed area has been
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refined as shown in Figure 7. In order to achieve the same deformation rates (0.1, 1 and 10 s7) as the
experiment, the stroke—time curves of the upper punch of the Gleeble-3500 (Figure 8) obtained by
the test were used to define the displacement boundary of the upper-punch, and the bottom-punch
was fixed.

upper-punch u(t)

RP1 ’

2
fixed

Billet

bottom-punch

v

L

Figure 6. The FE model of the hot compression test.

5 - 15! 0.1s"

Stroke/mm

Time/s

Figure 8. The stroke curves of the upper punch of the Gleeble-3500.

The simulation results at a strain rate of 0.1 s and a deformation temperature of 300 °C are
shown in Figure 9. It can be seen from Figure 9a that uneven deformation occurs in the deformation
zone of the specimen. The equivalent plastic strain (PEEQ) of the central region (C) of the sample
reaches the maximum value of 1.35, whereas the PEEQ of the surface region (A and B) in contact
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with the dies is small. The PEEQ at B is almost zero, although the overall average strain is 0.7. Figure
9b shows the mises stress distribution of the specimen. It can be seen that the stress in the deformed
region is relatively uniform (o, ), although the strain (as shown in Figure 9a) is not uniform. This

phenomenon indicates that the material has entered a steady-state flow phase caused by DRV and
CDRX. Therefore, the true strain in the steady-state flow stage has little effect on the flow stress, as
described in Section 3.3. It can be seen from Figure 9c that the simulated maximum principal strain
rate is consistent with the experimental strain rate of 0.1 s7'.

(a)

PEEQ

(Avg: 75%)
+1.353e+00
+1.230e+00
+1.107e+00
+9.838e-01
+8.608e-01
+7.379e-01
+6.149e-01
+4.919e-01
+3.689e-01
+2.460e-01
+1.230e-01
+0.000e+00
Y

e
(b)

S, Mises

(Avg: 75%)
+1.576e+02
+1.434e+02
+1.292e+02
+1.150e+02
+1.007e+02
+8.652e+01
+7.230e+01
+5.809e+01
+4.387e+01
+2.965e+01
+1.543e+01
+1.209e+00

Y

ot

(c)

ER, Max. Principal

(Avg: 75%)
+2.146e-01
+1.951e-01
+1.756e-01
+1.561e-01
+1.366e-01
+1.171e-01
+9.756e-02
+7.805e-02
+5.854e-02
+3.904e-02
+1.953e-02
+2.036e-05

v

ot

A B

Figure 9. Distributions of equivalent plastic strain (a), mises stress (b) and maximum principal strain
rate (c) at 300 °C and 0.1 s™.

The reliability of the simulation results is further verified by the microstructure of the deformed
specimens in different regions. As shown in Figures 10 and 11, surface region B in which the sample
is in contact with the upper die, holds equiaxed grains with a size of about 95 um, which is a similar
size and shape to the grains of the un-deformed region A (96 um). However, the grain of the central
region of the specimen is elongated in the Z direction due to strong compression in the Y direction.
As can be seen from the simulation results, there is almost no plastic strain in the B region indicating
that the flow of the material in this region is not very good. Therefore, this area retains the
un-deformed grains. At the central region C, the sample produces the largest plastic strain, which
causes the grain of the region to be compressed into a fibrous morphology. Finally, the simulated
results coincide well with the observed grain morphology. In summary, the FE simulation of the
embedded constitutive model can accurately describe the hot flow behavior of the material.
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PEEQ

(Avg: 75%)
+1.353e+00
+1.240e+00
+1.127e+00
+1.015e+00
+9.018e-01
+7.891e-01
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+2.255e-01
+1.127e-01
+0.000e+00

Y
£ .X

Figure 10. The distribution of equivalent plastic strain at 300 °C and 0.1 s

]
R

Figure 11. The distribution of the microstructure at 300 °C and 0.1 s™! (a) region A, (b) region B, and
(c) region C.

The stroke-force of the upper-punch at different strain rates and deformation temperatures is
also simulated and predicted by the FEM of the embedded constitutive model. The simulated results
are as shown in Figure 12. The predicted stroke-force curves agree well with the experimental data at
0.1-10 s* and 300-500 °C. The deviation between the experimental curves and the predicted curves
is small. The AARE and R are often used to assess the degree of agreement between predicted and
experimental values, which can be calculated by Equations (9) and (10), respectively. Normally, R is
used to assess the linear correlation between the original and predicted values [28]. However, when
the prediction is biased to a local range, its ability to evaluate is poor. Therefore, the unbiased
statistical AARE is applied to verify the model’s reliability. Then, the calculated value of R and
AARE are 0.997% and 1.25%, respectively. The results indicate that the FEM of the embedded
constitutive model can effectively simulate and analyze the hot working behavior of 5754 aluminum
alloys, which can provide a reference for other forming processes of the alloy, such as hot rolling and
forging.
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(a) (b)
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Figure 2. Comparison between predicted results by FE and experimental data. (a) 300 °C and (b) 500 °C.
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AARE (%) = — Y _|—>—=5{x100% (10)
N ‘F| o,
where o and o! are the experimental data and predicted data, respectively. 5, and &,

represent the average values of o, and ., respectively. N represents the number of the

experimental data.

4. Conclusions

The hot working behavior of 5754 aluminum alloy at strain rates of 0.1-10 s and deformation

temperatures of 300-500 °C was studied by hot compression tests and the finite element method of
the embedded constitutive model. The conclusions are as follows:

D

)
®)

4)

The strain rate and deformation temperature have significant influence on the flow behavior of
5754 aluminum alloy. The flow stress increases with increasing strain rate and decreases with
increasing deformation temperature. In addition, the true stress increases with the true strain in
the early stages, but in the later period, the true stress remains constant, which represents the
classical characteristics of work hardening (WH) and dynamic recovery (DRV). However, the
flow curves of 5754 aluminum alloy at medium and low strain rates did not reach a strict
dynamic equilibrium. The flow curve decreases slightly with the increase of strain due to the
CDRX (extended DRV). Meanwhile, the calculated work hardening rate shows that DRV and
CDRX are the main softening mechanisms of 5754 aluminum alloy during deformation.

The developed Arrhenius constitutive model of 5754 aluminum alloy is embedded in ABAQUS
by encoding the UHARD subroutine to simulate the hot compression deformation.

The simulated PEEQ shows that uneven deformation occurs in the deformation zone of the
specimen. There is almost no plastic strain in the B region indicating that the flow of the
material in this region is poor and this area still retains the un-deformed grains. At the central
region C, the sample produces the largest plastic strain, which causes the grain of the region to
be compressed into a fibrous morphology. The simulated results coincide well with the
observed grain morphology. Therefore, the FEM simulation of the embedded constitutive
model can effectively describe the flow behavior of the material.

The stroke-force of the die at different strain rates and deformation temperatures is further
simulated and predicted by the FEM of the embedded constitutive model. The predicted
stroke-force curves agree well with the experimental data at 0.1-10 s and 300-500 °C. Then, the
predictive ability is evaluated by R and AARE and the calculated value of R and AARE are
0.997% and 1.25%, respectively. These results indicate that the FEM of the embedded
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constitutive model can accurately simulate and analyze the hot working behavior of 5754
aluminum alloy, which can provide a reference for other forming processes of the alloy.
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