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Abstract: Isothermal compression experiments were conducted to study the hot deformation behaviors of a Sr-modified Al-Si—-Mg
alloy in the temperature range of 300—420 °C and strain rate range of 0.01-10 s™'. A physically-based model was developed to
accurately predict the flow stress. Meanwhile, processing maps were established to optimize hot working parameters. It is found that
decreasing the strain rate or increasing the deformation temperature reduces the flow stress. The high activation energy is closely
related to the pinning of dislocations from Si-containing dispersoids. Moreover, the deformed grains and the Si-containing
dispersoids in the matrix are elongated perpendicular to the compression direction, and incomplete dynamic recrystallization (DRX)
is discovered on the elongated boundaries in domain with peak efficiency. The flow instability is mainly attributed to the flow
localization, brittle fracture of eutectic Si phase, and formation of adiabatic shear band. The optimum hot working window is

380-420 °C and 0.03-0.28 5.
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1 Introduction

As one of the most useful modification approaches,
thermo-mechanical forming has been usually used to
eliminate the casting defects and change the
microstructures [1]. Generally, the thermo-mechanical
forming processes are very complex under different
deformation  conditions. The complicated hot
deformation mechanisms, including strain hardening and
dynamic softening, significantly affect the final
microstructures and properties [2—7]. Thus, to acquire
the products with desirable properties, optimizing the hot
forming parameters and controlling the final
microstructures are very important [8,9].

Al-Si—Mg alloy is widely applied in automotive
and aerospace industries due to its excellent weldability,
desirable wear resistance, and corrosion resistance. Up to
now, some researchers have investigated the high-

temperature flow behaviors of Al-Si—Mg alloys [10—12],
and it is found that some inevitable casting defects, such
as the shrinkage cavities and porosity, severely weaken
the mechanical properties. Meanwhile, the brittle eutectic
Si particles with acicular shape easily cause high
localized stress concentration in the matrix, which may
result in the nucleation and growth of voids.

The constitutive model is found to be an effective
method to describe the change in mechanical response
during hot deformation [1]. An accurate constitutive
model can be embedded into the commercial FEM
software for numerical simulation and analyzing the hot
forming process. Thus, lots of constitutive models have
been established to characterize the high-temperature
flow behaviors of alloys in recent years. These models
mainly include the physically-based models [13—16],
phenomenological models [17—19], and artificial neural
network models [20,21]. Additionally, the processing
map, proposed by PRASAD et al [22] in terms of the
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dynamic material model (DMM) theory, is a reasonable
method to analyze hot workability and optimize forming
parameters. From the processing map, the deformation
mechanism can be reasonably interpreted, and the
instable region related to flow instability can be well
avoided [23—25].

Despite some investigations on the hot deformation
behaviors and constitutive models for Al-Si—Mg alloys
have been carried out, the developed constitutive
equations are still not perfect enough to describe the
entire complicated hot deformation process. Meanwhile,
the high-temperature flow behaviors and processing map
for the AI-Si—Mg alloy in homogenization state need the
further study. In the present work, isothermal
compression experiments are performed to research the
hot deformation behaviors for a homogenized Al-Si—Mg
alloy within broad scopes of strain rate and deformation
temperature. A physically-based constitutive equation is
developed to describe the hot deformation behaviors.
Meanwhile, the hot forming parameters are optimized by
establishing the processing map and the final
microstructures are reasonably controlled.

2 Experimental

In the present work, die-cast Al-Si—Mg alloy is
adopted with the chemical composition (mass fraction, %)
of 7.70Si—0.31Mg—0.12Fe—0.12Ti—0.02Sr—(bal.)Al. Sr
addition in as-cast Al-Si—Mg alloy is used to modify the
eutectic Si morphology and dendrite arm spacing (DAS).
Firstly, the received cast billet was homogenized at
540 °C for 8 h, followed by air cooling to room
temperature. Thus, the soluble phases were completely
dissolved. Then, cylinder specimens with 12 mm in
height and 8 mm in diameter were cut from the
homogenized cast billet. Before hot deformation, the
microstructure of specimen was examined by optical
microscope (OM) after being chemically etched with a
solution of 10% HF and 5% HCI (volume fraction) in
water. Figure 1 shows the microstructures of the
homogenized Al-Si—Mg alloy. Obviously, some casting
defects, including the shrinkage cavities and porosity,
can be observed. In as-cast Al-Si alloys, the DAS was
reported to have greater effect on strength compared with
grain size. So, the DAS is measured from Fig. 1 with a
mean value of 55 um by linear intercept method. In
addition, fine granular eutectic Si phases are uniformly
distributed along the grain boundaries. Using the method
mentioned in Ref. [11], the mean diameter and volume
fraction of eutectic Si particles can be measured to be
3.1 pm and 11.05%, respectively. Meanwhile, a mass of
Si-containing dispersoids marked by red dotted line
appear in o(Al) matrix. This phenomenon was also
discovered in other Al-Si—Mg alloy during solution

treatment [26]. Using the method mentioned in Ref. [26],
the mean diameter and volume fraction of Si-containing
dispersoids can be measured to be 320.26 nm and
13.86%, respectively. The isothermal compression
experiments were carried out using a Gleeble 3500
thermal mechanical simulator. Four strain rates (0.01, 0.1,
1 and 10 s') and four deformation temperatures (300,
340, 380 and 420 °C) were used in this work. Prior to
loading, the samples were heated at a rate of 10 °C/s to
the deformation temperature, and then held for 5 min to
assure a homogeneous temperature field. All the
specimens were instantly cooled in cold water to
preserve the deformed microstructures when the height
reduction reached 50%. The experimental data were
automatically recorded by the test system during hot
compression.

Fig. 1 SEM image of homogenized Al-Si—-Mg alloy before
hot deformation

3 Results and discussion

3.1 Flow stress analysis

Figure 2 shows the measured true stress—true strain
curves of the homogenized Al-Si—Mg alloy from the
isothermal compression experiments. Obviously, the
flow stress is significantly affected by the deformation
temperature, strain and strain rate. In the initial
deformation stage, the work hardening due to the
dislocation sliding, rapid proliferation and interaction
leads to the quick increment of flow stress. With the
strain further increasing, the dislocation density
significantly increases, which results in the rapid
increment of potential driving force of dislocation
motion. Then, the dynamic recovery (DRV) and dynamic
recrystallization (DRX) occur, which weaken the
working hardening [27-29]. As a result, a platform is
achieved. Subsequently, the flow stress slowly reduces to
a stable state because the work hardening and flow
softening become balanced dynamically. However, at
low strain rate (0.01 s ') and low temperatures (300 and
340 °C), the flow stress decreases quickly. This may be
attributed to the precipitation of fine Mg,Si phases at low
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Fig. 2 True stress—strain curves of Al-Si—Mg alloy at different strain rates: (a) 0.01s ™5 () 0.1s 5 (c) 15", (d) 105

deformation temperatures. Also, the low strain rate
allows more time for the coarsening and morphological
variations of Mg,Si phases from particle shape to planar
shape during hot compression. So, the DRV is the
primary softening mechanism of the homogenized
Al-Si—Mg alloy.

3.2 New constitutive equations based on Estrin—
Mecking and Avrami models
3.2.1 Estrin—Mecking model
Based on the Estrin—Mecking model [30], the strain
hardening and dynamic recovery characteristics of alloys
can be represented as

o™ = [o-sz + (0'5 ~o? )exp(—2Bg)T/2 (1)

where o™ refers to the flow stress; o, refers to the
saturation flow stress; oy is the yield stress; B is the
material constant associated with the Zener—Hollomon
(Z) parameter.

Generally, the saturation stress (o5) can be obtained
from the work hardening rate (6=do/de¢) and flow stress
curve, as depicted in Fig. 3. Firstly, the point of
inflection in #—o curve can be identified. Then, drawing
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Fig. 3 Relationship between work hardening rate and flow
stress

the tangent of 6—¢ plot through the inflection point down
to the horizontal axis, the horizontal intercept is
considered as the value of the saturation flow stress. In
addition, the yield stress (o) under all tested conditions
can be determined directly from the curves of stress—
strain.



Y. C. LIN, et al/Trans. Nonferrous Met. Soc. China 28(2018) 592—-603 595

According to the Sellars—Tegart—Garofalo (STG)
equation [31], the yield stress, saturation stress and
steady-state stress can be expressed as

1/m
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A

SS

where dy, Ay, my, ds, A, Ms, O, Ass and mgs are material
constants, & is the strain rate (s '), Q refers to the hot
deformation activation energy (kJ/mol), R refers to the
mole gas constant (8.31 J/(mol'K)), and T refers to the
deformation temperature. While o, denotes the
athermal stress, which is below the yield stress and
unaffected by strain rate and deformation temperature.
The variations of the yield stress with deformation
temperature and strain rate are depicted in Fig. 4. From
Fig. 4, the value of o, can be approximately identified to
be 20 MPa.
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Fig. 4 Variations of yield stress values with deformation

temperature and strain rate

It is widely believed that Z parameter can be applied
to represent the influence of deformation temperature
and strain rate on high-temperature flow behaviors:

Z = éexp[O/(RT)] (5)

Using the method mentioned in Ref. [32], the
activation energy (@ can be estimated to be
392.760 kJ/mol, which is greater than that of the
solutionized Al-Si—Mg alloy reported in Ref. [33]. This
difference is mainly because a large amount of
Si-containing dispersoids in the o(Al) matrix can
dramatically pin dislocations and contribute in the form
of Orowan stress during hot deformation. Then, the
dislocation density is significantly increased, which leads
to the large deformation resistance. As a result, activation
energy Q is very high (>300 kJ/mol). For the
homogenized Al-Si—Mg alloy, the DRV is the primary
softening mechanism during hot deformation. Also, the
DRV is a thermal activated process. So, the high
activation energy during hot deformation reflects the
thermal activation energy needed for DRV.

Based on the experimental flow stress data, the
different material parameters involved in Egs. (2)—(4)
can be determined by L—M optimization algorithm, as
listed in Table 1. Then, according to the STG model, the
yield stress can be described as a function of Z parameter,
as plotted in Fig. 5. From Fig. 5, it can be observed that
the experimental yield stresses are within a scatter band
of +6 MPa around the predicted results. Similar
conclusions have been obtained from the relationship
between the saturation/steady-state stresses and Z
parameter. These conclusions indicate that the athermal
stress of about 20 MPa can provide a satisfactory
prediction of yield stress. Therefore, the yield stress,
saturation stress and steady-state stress of the studied
Al-Si—Mg alloy can be expressed as

7 1/3.7
o, =20+14.7629sinh ™' (—Zgj
8.4528x10
1/8.83
o, =50.8037sinh ™" (%}
2.2791x10

VA 1/8.29
o =47.2266sinh™ (—29)
2.2522x10

. (392760}
Z =gexp
RT

(6)

Then, only the material constant B in Eq. (1) needs
to be identified. Based on the strains and corresponding
flow stresses in the period of strain hardening and
dynamic recovery, the material constant B under all the
tested conditions can be determined by linear regressing
ln(ds2 —o?) versus ¢ plots. Figure 6 depicts the relations
of the material constant B and Z parameter. Obviously,
the material constant B slowly increases with the
increase of Z parameter at the strain rates of 0.01 and
0.1 s', while rapidly increases at the strain rates of 1 and
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Table 1 Optimized values of material parameters
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10 s, Thus, the material constant B can be expressed as

12.66357°0058 (g' —0.01 and 0.1 s*l)
B= (7)
0.2496 700434 (g —1and10s™ )

According to Eq. (1), the flow behavior only up to
the peak strain, where the strain hardening and dynamic
recovery are the main factors affecting the flow stress,
can be described by the Estrin—Mecking model.
Therefore, the effects of flow softening need to be
incorporated into the constitutive equation when the
strain is beyond the peak strain.

3.2.2 Incorporation of Avrami equation

For compensating the softening effects induced by
DRX, the DRX volume fraction should be determined at
every strain which is larger than the critical strain for
DRX, and can be estimated by [34]

O'EM—O'

x=2 =9 8)

O =0y

where 6™ denotes the flow stress calculated by Eq. (1)
and o is the steady state flow stress. According to the
Avrami model [35], the volume fraction of DRX can be
calculated by

X=1—exp[—a(g—gc)q )

where a and b are material constants, and &, is the critical
strain.

Generally, critical strain & is not easy to be
precisely determined under different deformation
conditions for the studied Al-Si—Mg alloy. Thus, similar
to other work [36], the critical strain ¢, in Eq. (9) is
replaced by the peak strain ¢, Using the method
mentioned in Refs. [1,36], the peak strain g, can be
expressed as a function of Z parameter:

£,=0.0068 2" (10)

The values of material constants ¢ and b under all
the tested conditions can be determined by linear
regressing In(—In(1—X)) versus In(e—¢.) plots.

Figure 7 depicts the relationship between the
material constants a, b and Z parameter. Obviously, with
the increase of Z parameter, the material constant a
slowly increases, while the material constant b slowly
decreases. Thus, the material constants @ and b can be
expressed as the functions of Z parameter, respectively:

a=2.03622""7 (11)
b=3.66762 % (12)
Therefore, the developed constitutive models based

on the Estrin—Mecking model and Avrami equation can
be summarized as
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(13)

Figure 8 reveals that the predicted flow stresses
agree with the measured results well. Also, the
correlation coefficient can be calculated to be 0.9851
(Fig. 9), which means good prediction capability of the
developed physically-based model. However, from Fig. 8,
in the dynamic flow softening stage, a relatively large
deviation exists when the forming temperatures are 300
and 340 °C, and strain rate is 0.01 s™'. This phenomenon
may be attributed to the fact that the coarsening and
morphological variations of fine Mg,Si phases
precipitated at low deformation temperatures are not
taken into account in the developed constitutive models.

4 Hot workability of studied Al-Si—Mg alloy

4.1 Establishment of processing map

In terms of the principle of the dynamic materials
modeling (DMM) [22], power dissipater can be well
applied to characterize the hot working process of alloys.
Usually, the total instantaneous power dissipation (P) is
composed of two parts: one refers to the dissipation
energy (G content) converted into temperature rise; the
other corresponds to the complementary dissipation
energy (J co-content) for the microstructural evolution in
the process of hot deformation. The parameter of P can
be expressed by

P:o—ézGu:jjadmj;édo— (14)

where & and o are the strain rate and flow stress,
respectively.

When strain and temperature are constant, the flow
stress can be described by

o=K&" (15)

where K denotes a material constant. m denotes the
coefficient of strain rate sensitivity, and can be
represented by

m:ﬂzd(lno.) (16)
dG d(lné)
J co-content can be determined from
o
J=| é&do= r 17
'[ g m+lo- 17

For an ideal process of linear dissipation, m=1 and
Jmax = 0€/2 . The power dissipation efficiency () can
be represented by

J 2m
7 J m+1 (18)

max

According to the theory of the maximum rate of
production entropy, another dimensionless parameter (&),
a continuum instability criterion, can be well applied to
identify the occurrence of flow instabilities:
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m

Oln( )
m+1

a(In &)

£() = m<0 (19)

Using the approach of three order polynomial
fitting, the values of m can be easily determined from the
relationship between In ¢ and In¢. Then, according to
Eqgs. (18) and (19), the values of # and ¢ can be

calculated, respectively.

Based on the above theory, plotting the changes of #
with the deformation temperature and strain rate at a
constant strain constructs the power dissipation maps.
The maximum values of power dissipation efficiency do
not always imply the optimal workability, since the
wedge crack and flow instabilities may occur. Moreover,
plotting the changes of ¢ with the deformation
temperature and strain rate constitutes the instability
maps. The domains with negative & represent the instable
flow and are regarded as the “unsafe” domains by
shadow [37]. Then, the processing maps are constituted
by superposing the power dissipation map and the
instability map. In general, the optimum forming
parameters are in the “safe” domains with the largest
values of power dissipation efficiency [38,39].

4.2 Optimization of hot working domains

Figure 10 depicts the influence of strain on the
processing maps established at 300—420 °C and 0.01—
10 s'. The “unsafe” domains are represented by the
shaped areas and the contours show the values of power
dissipation efficiency in the processing maps. Obviously,
the instability domains are mainly located at the regions
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with low forming temperatures and high strain rates.
When the strain is further increased, the first instability
domain rapidly increases. Also, the power dissipation
map shows two domains with high values of power
dissipation efficiency at 305 °C, 0.26 s ' and 480 °C,
0.25 s' (shown in Fig. 10(b)), which indicates that a
large amount of energy are dissipated in the
microstructural evolution. This is suitable for the hot
forming of the studied alloy. Meanwhile, it can be clearly
found that a portion of the above domain with high
power dissipation efficiency shows negative instable
parameter, which should be avoided [40]. Therefore, two
feasible hot forming domains at the intermediate strain
rate can be identified, i.e., Domain 1 with peak efficiency
of approximately 0.18 appears at 300-320 °C and
0.09-0.27 s', and Domain 2 with peak efficiency of
approximately 0.23 appears at 380420 °C and
0.03—0.28 s '. In order to further gain the optimum hot
forming window, the characteristics of microstructure
and hot forming mechanism in both domains are studied
by optical microscope observations.

Figure 11 shows the optical microstructures of
specimens deformed at the strain rate of 0.1 s ' and
temperatures of 300, 380 and 420 °C. Apparently, the

Fig. 11 Optical microstructures of studied Al-Si—Mg alloy
deformed at strain rate of 0.1 s ' and different temperatures:
(a) 300 °C; (b) 380 °C; (c) 420 °C

grains of the deformed specimens are elongated
perpendicular to the compression direction, as well as the
Si-containing  dispersoids in the a(Al) matrix.
Meanwhile, no casting defects such as micro-cracks and
pores, or adiabatic shear band, are observed. This should
be the typical dynamic recovery microstructures.
Therefore, the DRV is the primary softening mechanism
in both domains. However, when the forming
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temperature is relatively higher (Figs. 11(b) and (c)), the
grains of the deformed specimen tend to be of less aspect
ratio. Thus, the grain size is smaller than that at low
deformation temperature (Fig. 11(a)). Moreover, a small
amount of fine grains on the elongated boundaries (in
Domain 1) are observed at 300 °C, 0.1 s '. This is an
initiation of DRX of the studied alloy. For the sample at
420 °C, 0.1 s' (in Domain 2), the small grains begin
to grow up, and are mainly distributed on the large grain
boundaries. Furthermore, some fine grains inside the
large grains are observed. This should be the typical
microstructural characteristic of incomplete DRX, which
was also discovered in other as-cast AI-Si—Mg alloy [41].
Such a phenomenon can be attributed to the relatively
low peak power dissipation efficiency of the studied
Al-Si—Mg alloy. Lots of investigations indicate that
the completed DRX can occur for alloys during hot
forming when the power dissipation efficiency is larger
than 0.3 [42]. For the metals or alloys with high stacking
fault energy, especially the aluminum alloys, higher
power dissipation efficiency is needed for a completed
DRX, because of the difficulty in dislocation
entanglement and accumulation, as well as new grain
nucleation [43]. As shown in Fig. 10(b), the peak power

oy ek 5T 100 pm
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dissipation efficiency of the studied Al-Si—Mg alloy is
only 0.18 and 0.23 in domains 1 and 2, respectively.
Thus, the DRV is the main hot forming mechanism of the
studied Al-Si—-Mg alloy. So, DRV-DRX mixture
microstructures appear in Domain 2. Such a phenomenon
indicates that a relatively high temperature of DRX
exists for the homogenized Al-Si—Mg alloy, which has
been demonstrated to be beneficial to mechanical
properties of alloys at high in-service temperatures.

In general, the hot working of alloys, including the
hot spinning, rolling and forging, is performed in a
relatively large temperature range. The hot forming of
the homogenized Al-Si—Mg alloy can be generally
implemented at the tested temperatures of 300—420 °C
with strain rate lower than 0.14 s™' to avoid the flow
instability. In addition, Domain 2 should be considered
as the optimum hot working window, i.e., 380—420 °C
and 0.03—0.28 s '. In this optimum hot working window,
there are low energy consumption, high power
dissipation efficiency and fine grains of the studied alloy.

Meanwhile, the instable flow may be attributed to
the local cavity, shear band deformation, and brittle
fracture of eutectic silicon phase at the low deformation
temperatures and high strain rates. Figure 12 exhibits the

Fig. 12 Optical microstructures of studied Al-Si—Mg alloy deformed under different conditions: (a) 300 °C, 1s'; (b) 300 °C, 10s™';

(c)340°C, 15 ' (d)340°C, 105"
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Fig. 13 SEM images of studied Al-Si—Mg alloy deformed under different conditions: (a, b) 300 °C, 10 sf'; (c,d) 340 °C, 10 !

instable flow optical microstructures of the studied
Al-Si—Mg alloy compressed at the low temperatures and
high strain rates. Obviously, the adiabatic shear bands
appear.  Furthermore, the local inhomogeneous
deformation can be observed, which should be avoided
in the process of hot forming. Figure 13 shows the SEM
images of the studied Al-Si—Mg alloy deformed at
300340 °C and 10 s '. It is easily found that the effects
of the orientation of the initial eutectic silicon phase on
its shape are significant. If the orientation is not
perpendicular to the compression direction, the initial
eutectic silicon phase will be distorted and snapped
noticeable. Furthermore, if the size of the initial eutectic
silicon phase is over a certain value, and is perpendicular
to the compression direction, it is prone to fracture.
Generally, the significant differences in elastic
constants of the a(Al) matrix and eutectic silicon phases
lead to the strong strain incompatibility between them,
which in turn easily causes the local plastic flow and
larger stress concentration around silicon particles at the
low forming temperatures and high strain rates [44].
Once the stress is higher than the critical value, the crack
initiation happens, which finally results in the
fragmentation of silicon particles. This may be the reason
for the quick increment of instability domain in
processing map at the low forming temperatures and
high strain rates in the initial stage of deformation. The
cracked eutectic silicon particles are potential cavity
nucleation positions. When the strain is further increased,
the cavities grow and gradually coalesce to form larger

cracks, which may finally lead to the macroscopic
fracture at the low forming temperatures and high strain
rates. However, because of the increase of atomic
diffusion and dislocation movement, the local stress
concentration around the silicon particles is reduced at
high temperatures. Thus, the critical strain or stress
required for the fracture of silicon particles is
significantly enhanced. As a result, the hot forming at the
tested temperature of 380—420 °C and strain rate of
10 s ' is “safe” even the strain is increased to 0.6, as
shown in Fig. 10(Db).

5 Conclusions

1) The deformation temperature and strain rate
strongly affect the flow stress. The flow stress can be
reduced by decreasing the strain rate or increasing the
deformation temperature.

2) A physically-based model is developed to predict
the flow stress of Al-Si—Mg alloy. The correlation
coefficient (R) between the measured and predicted
stresses is 0.9851, indicating good prediction capability
of the proposed constitutive model. The deformation
activation energy is closely related to the pinning of
dislocations from Si-containing dispersoids.

3) The deformed grains and the Si-containing
dispersoids in the matrix are elongated perpendicular to
the compression direction, and incomplete DRX is
discovered on the elongated boundaries in domain with
peak efficiency. The flow instability is mainly attributed



602 Y. C. LIN, et al/Trans. Nonferrous Met. Soc. China 28(2018) 592—-603

to the local inhomogeneous deformation, the formation
of adiabatic shear band, and brittle fracture of eutectic
silicon phase at the low forming temperatures and high
strain rates.

4) The hot forming of the homogenized Al-Si—Mg
alloy can be generally implemented at the tested
temperature of 300—420 °C with strain rate lower than
0.14. 380—420 °C and 0.03—0.28 s ' are selected as the
optimum hot working parameters for isothermal forging.
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