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Abstract: Hot compression tests of 6061 Al alloy were applied under the Gleeble-3500 system at temperature range of 300 - 450 °C and strain rate range of 0.01-10 s-'.
The true stress-strain curves of 6061 Al alloy were acquired and the flow stress was recorded and corrected. The associated microstructure of 6061 Al alloy after hot
deformation process was observed. The results suggest that the stress level of 6061 Al alloy during hot compression process decreases with increasing compression
temperature and decreasing strain rate. Arrhenius equation and the Zener-Hollomon parameter in the hyperbolic sine-type equation were utilized in present research to
formulate the constitutive equation of 6061 Al alloy. The microstructure after hot deformation consists of elongated grains and the dynamic recovery of 6061 Al alloy occurs
during hot compression. However, for the alloy deformed at low Z value, the existence of newly refined grains around the serrated grain boundaries indicates the occurrence

of partial dynamic recrystallization.
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1 INTRODUCTION

As a promising engineering material, aluminum and its
alloys have attracted a lot of attention over the past decades
[1-2]. As an Al-Mg-Si wrought Al alloy, 6061 Al alloy can
be deformed and strengthened by a proper heat treatment
process. With the combination of medium strength, high
fracture toughness, excellent corrosion resistance, good
weldability and low cost [3], it is wildly used in many areas
such as vehicles, electronic applications and other
industries, where lightening the structures is considered as
an essential goal to improve the fuel efficiency and thus
mitigate the impact on environment.

Due to its incompetent workability at the room
temperature, 6xxx series Al alloy is mainly applied in
thermoforming procedures. Flow stress is critical for
characterizing the plastic yielding capability of metal
materials [4-6]. The mechanic properties of Al alloys are
closely related to their microstructures and will be affected
by the degree of hot working. Many reports [7-10] have
shown that manipulated by forming heat, strain-rate and
deformation degree, work-hardening and dynamic
softening phenomenon decide together on the flow
behaviour’s complication during thermal forming process.
Moreover, softening mechanisms and microstructure
development also ride directly on the primary deformation
condition. A lot of previous studies are mainly focused on
2xxx and 7xxx series Al alloys, while insufficient survey
on thermal formability of 6061 Al alloy has been
implemented and published so far.

In this paper, we try to conduct the isothermal
compression experiments of 6061 Al alloy through various
compression temperatures and different strain rates, to
modify the obtained flow stress in an easy and effective
way, and furthermore, to extensively study the hot
deformation behavior of 6061 Al alloy based on stress
strain curve establishing, constitutive model building-up
and microstructure observation. The primary target of
present research was to obtain basic knowledge of
thermoforming behaviour of 6061 Al alloy, so as to
optimize the thermoforming process parameters and to
control associated microstructures.

2 EXPERIMENT

The experiments were carried out on as-cast
homogenized 6061 Al alloy with main element
components of 0.78% Si, 1.0% Mg, 0.27% Cu, 0.12% Fe,
0.05% Cr (wt. %). Cylindrical specimens (diameter: 10
mm, length: 15 mm) were obtained from a round bar ingot
(diameter: 120 mm, length: 1000 mm) by WEDM, the
microstructure of which before deformation is shown in
Fig. 1. As the figure shows, the homogeneous and coarse
grains having a mean grain size of approximately 55 pm
are obvious and visualized.

50um
Figure 1 Initial microstructure of as-cast 6061 Al alloy

Table 1 Experimental parameters.
Temperature /°C 300 350 400 450
Strain rate /s”! 0.01 0.1 1 10

The isothermal deformation compression tests proceed
step by step on a Gleeble-3500 experimental machine,
setting experimental parameters as shown in Tab. 1. To
reduce the detrimental effect of friction during
compression tests, fine graphite and engine oil composite,
our ideal lubricant selection, goes towards both ends of
specimens and meanwhile tantalum tablets are used to
isolate samples and models as well. Under each kind of
experimental condition mentioned above, resistance-heat
of the specimens (heating rate: 1 °C/s) to designated
temperature before compression, is held for 300 s by
thermocouple-feedback control method and we gain an
even deforming temperature. When the deformation of the
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sample reaches 0.6, the deforming microstructure is
obtained by water quenching.

Test data are automatically recorded and saved by
computer. The processed specimens need to be sectioned
along central line direction and parallel to compression axis
which is used for microstructure observation on an
OLYMPUS GX51 metallographic microscope and a SEM
equipment (JSM-7001F) with EBSD system.

3 FRICTION CORRECTION OF FLOW STRESS

Friction plays a critical part in metal forming processes
[11]. During high temperature deformation tests,
appropriate lubrication measures can undermine the
interfacial friction to a minimum value. However, it is
impossible to eliminate the friction completely. When the
strain approaches a certain value, the specimen yields
inhomogeneous deformation, leading to the alteration of
constant strain rate. Due to the friction at specimen/platen
interfaces, barreling is obviously observed at the
cylindrical specimens after high temperature deformation
tests, which is shown in Fig. 2, indicating that nature of
experiment is destroyed.
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Figure 2 The schematic diagram of specimens: (a) Cylinders before and after
compression tests; (b) Schematic of hot compression specimen.

To quantitatively evaluate the influence of friction on
flow behaviour of the alloys, the barreling coefficient is
introduced as shown in the following formula [12].

2
po D 0

HyDq
where B is the barreling coefficient and increases with the
increase of barreling, Hr is final specimen’s height, Dy is
final specimen’s diameter measured at the middle length of
the specimen, Dy and Hy are diameter and height of
undeformed specimen, respectively.

When the B value is between 1 and 1.1, the deviation
between the measured value of flow stress and the true
value is small, and there is no need for friction correction.
While B>1.1, it means that flow stress is seriously
affected by friction, and friction correction is necessary to
be carried out.

Table 2 Calculated values of B under different deformation conditions

. . Temperature /°C
Strain rate /s 300 350 400 450
0.01 1.069 1.124 1.093 1125
0.1 1.082 1.084 1.099 1111
1 1.065 1.102 1.100 1118
10 1.065 1.103 1.097 1.106

Tab. 2 gives the calculated bulging coefficient (B) in
several different strain rates and temperatures in present
study. It can be seen that in most cases, B is larger than 1.1,
so friction correction is necessary especially at high
temperatures.

A simple and effective method was employed to
correct the errors in flow stress caused by friction. Based
on deformation power rule, the true flow stress could be
calculated from the upsetting deformation force [13]:

i

“D{H’"D]

4 N

2

O-f:

where or is the flow stress after friction correction, D, [, and
Fi are instantaneous diameter, instantaneous height and
instantaneous load of the specimen during hot compression
process, respectively. Parameter m stands for the constant
friction coefficient.

Furthermore, after obtaining the max radius and the
height of deformed cylindrical specimen, the constant
friction coefficient () will be determined by the given
equation put forward by Ebrahimi [14]:

o (RIH
(4/3)-(2b/33)

€)

where

[H H,
p=a R H R=Ry,|—2and Ry = ,[3—2 Ry — 2Ry, .
R AH H H

In Eq. (3), Rm and Ry refer to the max and top radius
of deformed cylindrical specimen. AR represents the
difference in value between the former two values of
radius. AH is the reduction in height of cylindrical
specimen before and after compression, H is the height of
compressed cylindrical specimen, Ry and Hy are original
radius and height of cylindrical specimen, respectively.
Fig. 2(b) shows schematic diagram of specimens before
and after high temperature deformation experiment.

4 RESULTS AND DISCUSSION
4.1 True Stress-Strain Curves

Fig. 3 gives actual stress-strain curves (presented in
solid lines) of 6061Al alloy obtained during high
temperature compression experiments under different
deformation conditions in present study. For comparison,
the actual stress-strain curves obtained from the corrected
flow stress (presented by dashed lines) are also presented.

It can be observed that under each given condition, at
the beginning of hot deformation, there is little difference
between two curves. However, two curves vary greatly
while the flow stress achieves the maximum value,
indicating that the influence of friction on flow stress of
6061 Al alloy is increasing and cannot be ignored. In
addition, we can apparently observe that the value of
corrected flow stress is always smaller than the
experimental one.
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Figure 3 True stress-strain curves of 6061 Al alloy:
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As shown in Fig. 3, for each curve, in the early
deforming stages, flow stress raises dramatically as the
increasing strain, matching the work hardening
phenomenon caused by dislocation densities soaring. After
early deforming stages, there is a max stress achieved
under certain strain by the curves following through
constant or slightly declining variety with the increasing
strain, treated as steady state flow behaviour. This could be
ascribed to the emergence of dynamic softening in the
process of thermal deformation. Therefore the flow stress
cannot keep rising owing to that weakens work-harden
behaviour. Actually, the work-hardenning and the dynamic

restoration will emerge concurrently in the material during
the thermo mechanical processing [15], leading a dynamic
equilibrium eventually. The equilibrium contributes to the
relatively constant dislocation density and steady state of
flow stress. In the remainder of present study, we provided
a detailed discussion about true softening mechanism by
comparative analysis between calculated activation energy
and microstructure test.

It could be also found from Fig. 3 that during hot
compression, deforming temperature and the strain rate lay
great emphasis on flow behaviour of 6061 Al alloys. When
the strain rate is constant, due to the intense heat activation
process and the emergence of dynamic softening, the
maximum stress reduces as the increasing deforming
temperature, indicating that the experimental 6061 Al
alloys are sensitive materials having positive strain rate.
This may be bound to the fact of dislocation generation and
multiplication. In specific, as the rise of the strain rate, due
to the deforming time is very short there is no sufficient
time for the occurrence of dynamic softening. Therefore,
the mechanisms of work-hardenning play the crucial role,
causing the dramatic increase of flow stress.

4.2 Constitutive Equations

For metallic material, hot compression could be
regarded as a process of thermal activation, and strain rate
¢is tightly bound up with temperature 7, deforming
activation energy Q and flow stress o. Previous research
reports prove that high prediction accuracy is available in
describing the flow stress when taking Arrhenius model
into consideration, especially at elevated temperature.

The power rule (Eq. (4)) is applicable to small stress
values (ao < 0.8), while exponential rule (Eq. (5)) works
on large stress values (oo > 1.2):

é= Ao exp(—%}, @)
& = A4, exp(fo) exp(—%j , 5)

where A1, A>, ni and f are the parameters representing the
properties of materials themselves, & is the strain rate, o is
the maximum flow stress, Q is the activation energy of high
temperature compression, R is the gas-constant, and 7 is
the absolute temperature.

Moreover, hyperbolic sinusoidal formula (Eq. (6)) put
forward in Reference [16], is considered to be a more
general template suitable and compatible with broad stress
ranges, particularly for characterizing high temperature
forming behaviour of Al alloys:

&= A-[sinh(aoc)]" exp(—R—QTj 6)

A and n are the parameters representing the properties
of materials themselves. As a supplementary adjustable
factor, « is a stress multiplier (where a = f/n)).

During Thermal compression process of Al alloys, the
strain rate is controlled by thermal activation. Furthermore,
as a temperature compensating strain rate index, the Zener-
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Hollomon parameter Z can be used to express Arrhenius
model [17, 18].

Z =gexp (%j @)

By introducing Eq. (7) into Eq. (6), Z can also be
expressed as a hyperbolic sinusoidal relation.

Z = gexp (%) = A-[sinh(ao)]" 8)

Using the hyperbolic sinusoidal rule, the flow stress o
can also be rewritten by Z parameter.

o= l1n (E]" + (Zj" +1 )
a A A

Material constants of 6061 Al alloy required for
Arrhenius modeling are calculated by adopting the natural
logarithmic values for Eq. (4) and Eq. (5), respectively.

lné:lnAl—(%]+nllna (10)

lné:lnAz—(%j+ﬂ0' (11

Ine

Ine

2I0 4I0 GIU IlJ 160 12I0 140
[+
(b)
Figure 4 Relationship between strain rate and flow stress at different
deformation temperature: () In £ - Ino; (b)) N & - &

Hence, the values of n; and f can be easily acquired by
linear regression. Then, the maximum stress and its strain
rates at different temperatures were used to describe the

relations of Iné€ - In o and In € - o, as plotted in Figs. 4(a)
and 4(b), respectively.

From Fig. 4, the flow stresses acquired from hot
deformation are well fitted with a set of parallel-lines.
Based on Egs. (10) and (11), n; is taken as the average
value of the slope of the parallel-lines in Fig. 4(a) at low
stress, while f is taken as the average value of the slope of
the parallel-lines in Fig. 4(b) at high stress. As a result, the
calculated mean values of n; and f are 8.46535 and
0.17815, respectively. Therefore, it is easy to calculate the
value of o to be 0.02104.

It can be assumed that thermal compression activation
energy Q is independent of compression temperature 7. By
adopting the natural logarithmic values for Eq. (6), the
following expression is derived:

. (O .
Iné=In4 (RT) + nIn[sinh(ao)] (12)

As can be seen in Eq. (12), n is the mean slope of four
fitting lines in Fig. 5.

Ire:

b b b R LA a = oW

30 @5 oo o5 1o 15 20
In[sinhjaeo)
Figure 5 Relationship between In[sinh(as)] and In £

At the same time, under the given strain rate, thermal
compression O can be supposed to be constant within a
particular temperature range, so that O can be described by
the following equation.

Olnég | Oln[sinh(ao)],

0=k dln[sinh(ec)] 8(1/T) *

=RnS , (13)

where S represents the mean slope of In[sinh(ao)] - 1000/T
plot. With the relevant numerical value substituted (7 and
o), it is easy to get relationships of In[sinh(ac)] - 1000/T,
as shown in Fig. 6.

£=0.01s"

In[sinh(as)]

0.0 -

s =0.1s"
0.6 |- a g=1s"
4ol & v =10s"

1.35 1.:10 1.:15 1.:’)0 1.‘55 1.‘60 1.‘65 1.‘70 1.‘75
1000/ T
Figure 6 Relationship between In[sinh(as)] and 1000/T
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Thus, the values of these two factors are determined as
7.3005925 and 5.1779275, respectively. Therefore, based
on Eq. (13), the thermal compression activation energy O
of 6061 Al alloy can be obtained, and it is around 314.304
kJ/mol.

Taking the natural logarithm of both sides of Eq. (8)
yields:

InZ =1In A+ nin[sinh(ao)], (14)

Then, according to Eq. (7), calculate Z value by the
obtained Q value. As you can see in Tab. 3, with the strain
rate rising and the compression temperature falling, the
values of Z parameter increase significantly, consistent
with the trend of the maximum flow stress (seen in Fig. 3).

Table 3 In Z values at different compression conditions

. o Temperature /°C
Strain rate /s 300 350 400 450
0.01 6137 56.07 51.56 47.68
0.1 63.67 58.37 53.87 49.98
1 65.97 60.68 56.17 5228
10 68.27 62.98 58.47 54.58

Fig. 7 illustrates the relations of In Z and In[sinh(ao)]
of the alloy at various compression conditions. The
coefficient of correlation is as high as 0.991, indicating a
good linear relation between InZ and In[sinh(ao)].
Therefore, it is not hard to calculate that the values of In 4
and n are 53.25765 and 7.23209, respectively.

70

65 [

InZ

55 |-

50

45

-1.0 0.5 0.0 0.5 1.0 15 20
Insinh(ao)
Figure 7 Relations between Zener-Hollomon parameter and flow stress

Finally, with the values of 4, a, n and Q substituted
into Eq. (6), the thermal compression constitutive equation
of 6061 Al alloy can be represented in a hyperbolic
sinusoidal function as follows, where QO is 314.304 kJ/mol.

¢ = 1.34742x10% [sinh (0.021045) " x
-314.304x10° (15)
xexp| —————
RT

Based on the above Eq. (9), the flow stress of 6061 Al
alloy in the process of hot deformation can be also
expressed by Zener-Hollomon parameter Z:

o =47.5285In{[Z/ (1.34742”023)]1/7,23209 i

(16)
+H{[Z /(1.34742x10%3) /733290 4 pl/2y

RT

To test the reliability of established constitutive model
for 6061 Al alloy in the present study, compare
experimental flow stress with predicted value based on
Arrhenius formula calculated from Eq. (16) was carried
out, (seen in Fig. 8). Obviously, it was easy to see the flow
stresses calculated from our established constitutive
equation of Eq. (16) agree well with the experimental
values. The maximum average deviation for flow stress
prediction is about 1.74%, which confirms that in this
work, Arrhenius formula is capable to calculate the flow
stress of 6061 Al alloy at high-temperature with the high
accuracy and reliability.

3
where Z = éexp[w}

140 3 Predicted
O Experimental E 300
120 | g
«
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3 sof o
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0 . . .
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ss’

Figure 8 Comparison of predicted flow stress with that of experimental at
various deformation conditions

4.3 Microstructure Evolution

In various deformation conditions, the metallographic
observations of 6061 Al alloy are illustrated in Fig. 9. This
indicates that after being deformed, the grains were
compressed flat at the direction vertical to the compression
axis. At lower temperatures (350 °C and 400 °C),
microstructure mainly consists of elongated grains within
shear bands representing that the dynamic recovery is
considered to be the predominant soft mechanism. With the
rise of deformation temperature, the elongated grains
coarsened and some newly refined grains come into being
around the vicinity of serrated grain boundaries (seen in
Fig. 9(c)), indicating that low Z value would promote
partial dynamic re-crystallization. While at elevated
temperature but high strain-rate, the stress strain diagram
shows a higher maximum stress and more strain hardening
(seen in Fig. 3(c)). As a result of rapid deformation, the
sliding and climbing of dislocations are hindered.
Correspondingly, there may not be sufficient time for the
stored deformation energy to be released and the process
of dynamic recrystallization is not easy to occur, as shown
in Fig. 9(d).

What can be also discovered from EBSD image as
shown in Fig. 10 is that while alloy processed at 450 °C
and 0.01 s™! strain rate, there exists obviously dynamic re-
crystallization with grain and sub-grain coarsening.
Moreover, the formation of serrated grain boundaries
indicates that dis-continuous dynamic re-crystallization
occurs at this time. Therefore, the transformation from
dynamic recovery to partial dynamic re-crystallization
depends upon the predominant soft mechanism at elevated
temperature or low strain rate (at low Z value).
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(d
Figure 9 The microstructures of 6061 Al alloy deformed under different
deformation conditions: (a) 350°C, 0.01 s™'; (b) 400 °C, 0.01 s™"; (c) 450 °C,
0.01s7';(d) 450 °C, 10 s~

Mumber Fraction

Misorientation Angle [degress]
(b)
Figure 10 EBSD image of 6061 Al alloy deformed at 450 °C, 0.01 s™":
(@) Grain map (b) misorientation distribution

In general, owing to its elevated stacking-fault energy,
dynamic re-crystallization of Al alloys is not easy to take
place. In the present work, when decreasing strain rate or
increasing compression temperature, the stress strain plot
illustrates a lower maximum stress and displays gradual
softening with the sub-grains occurring, as shown in Fig.
3(a).

Due to the full movement of metallic atoms and
dislocations, sub-grains continue to merge. At the same
time, the low-angle grain boundary is continuously
changed into the large-angle grain boundary by dislocation
annihilation [20-22]. Consequently, the number of
blocking dislocations is reduced and the occurrence of
dynamic recrystallization tends to be more likely. In
conclusion, for the alloy processed at elevated deformation
temperature and low-strain rate, the tendency of dynamic
recrystallization enhanced.

5 CONCLUSIONS

(1) A simple and effective method was employed to
correct the errors in flow stress caused by friction effect.
When the flow stress achieves the maximum value, the
influence of friction on flow behavior is increasing and
cannot be ignored. The corrected flow stress of 6061 Al
alloy is always lower than experimental value.

(2) The compression temperature and the strain rate
mainly dominate flow behaviour of 6061 Al alloy during
hot compression. As compression temperature declines and
the strain rate raises, the steady flow stress elevates
significantly. This can be validated by a ZenerHollomon
parameter in the hyperbolic sinusoidal function, with the
thermal compression activation energy of 314.304 kJ/mol.

(3) The processed microstructures consist of elongated
grains and dynamic recovery is the primary cause of flow
softening for 6061 Al alloy. However, for the alloy
processed under small Z value, a few fine re-crystallized
grains occurred at the vicinity of serrated grain boundaries
and partial dynamic recrystallization occurs.
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