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Abstract: The hot deformation behavior of as-cast Mg—8Zn—1A1-0.5Cu—0.5Mn alloy was studied by hot compression tests at
temperatures of 200—350 °C and strain rates of 0.001-1 s '. The results show that the flow stress increases significantly with
increasing strain rate, and decreases as the temperature increases. The flow stress model based on the regression analysis was
developed to predict the flow behavior of Mg—8Zn—1Al-0.5Cu—0.5Mn alloy during the hot compression, and the model shows a
good agreement with experimental results. Meanwhile, the processing maps were established according to the dynamic materials
model. The processing maps show that the increase of strain enlarges the instability domains, and the alloy shows good hot

workability at high temperatures and low strain rates.
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1 Introduction

Magnesium alloys are attracting much attention in
automotive, aerospace, and 3C industries because of their
low density, good castability, high specific strength and
specific stiffness, etc [1,2]. A majority of the magnesium
components are fabricated by die-casting, gravity
casting, low-pressure casting, etc [1]. However, the
mechanical properties of components fabricated by
casting technologies are low due to their coarse grains
and casting defects, which affect the population of
magnesium alloys greatly. Recently, wrought magnesium
alloys have gotten increasing attention on account of
their excellent mechanical properties [3]. However, the
workability of magnesium alloys is poor at room
temperature due to their hexagonal closed-packed crystal
structure and the limited number of slip systems. It is
generally known that the workability of magnesium
alloys increases at elevated temperatures because of the
activation of the non-basal plane [4]. As a result, warm
or hot forming processes such as extrusion, forging, and
rolling are used as the effective ways for the manufacture
of wrought magnesium alloys components [5,6].

Therefore, it is necessary to study the workability and
microstructure evolution of magnesium alloys by hot
compression tests [7].

It is well known that the Mg—Zn series alloys have
great potential for the development of the alloys used for
elevated temperature applications due to the thermal
stability of Mg—Zn phase [8]. Meanwhile, Mg—Zn series
alloys are age-hardenable, so it is possible to improve the
tensile strength by heat treatment [9]. Whereas, Mg—Zn
alloys have coarse grains and are more sensitive to hot
tearing. It is generally accepted that micro-alloying can
significantly improve the properties of magnesium
alloy [10]. Alloying with expensive elements, such as Zr,
RE and Ag, can improve mechanical properties of
magnesium alloys, but the cost also increases at the same
time. Recently, a high strength Mg—8Zn—1A1-0.5Cu—
0.5Mn (mass fraction, %) alloy with outstanding ductility
and high strength has been developed in as-cast
condition [11]. The addition of Al and Cu can not only
accelerate the age-hardening process and increase the
density of precipitates but also improve the castability of
magnesium alloys [12—14]. So, Mg—8Zn—1A1-0.5Cu—
0.5Mn alloy is likely to be developed into a new wrought
magnesium alloy with comprehensive mechanical
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properties and reasonable cost, but there is a lack of
study on its workability now. Therefore, the aim of this
study is to study the hot deformation behavior of the
alloy by hot compression tests so as to realize its hot
workability and obtain the processing maps from the
experimental data. With the guidance of the processing
maps, it is possible to optimize the processing parameters
in the hot working process, thereby saving time and cost
in the future work.

2 Experimental

The as-cast Mg—8Zn—1AIl-0.5Cu—0.5Mn magnesium
alloy (named as ZACMS8100) ingots were prepared by
gravity casting and then were machined into cylindrical
specimens with 8 mm in diameter and 12 mm in height.
The specimens were homogenized at 365 °C for 60 h.
Then, the compression tests were conducted on a Gleeble
3800 thermal simulator testing machine at temperatures
of 250-350 °C and strain rates of 0.001-1 s '. The
temperatures were measured and controlled by the
thermocouples welded at the half-height of the specimen.
The specimens were heated to deformation temperature
at the rate of 5 °C/s, held at the temperature for 5 min,
and then deformed with the height reduction of 60%. All
the specimens were quenched in water immediately after
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the deformation in order to retain the deformed

microstructures.
The deformed specimens were cut parallel to the
compression axis for microstructure observation.

Samples for optical microscopy (OM) observation and
SEM were etched in a solution of 4.2 g picric acid +
10 mL water + 10 mL acetic acid + 70 mL ethanol after
mechanical polishing.

3 Results and discussion

3.1 Flow stress behavior

The true stress—strain curves of ZACMS&100
magnesium alloy compressed at different temperatures
and various strain rates are shown in Fig. 1.

As can be seen from the curves, the flow stress
increases as the true strain increases and then reaches a
maximum, at last decreases to a steady state and this
result is the typical characteristic of dynamic
recrystallization (DRX) in hot working process [15].
During the initial stage of hot deformation, the quick
multiplication of dislocations results in work hardening
effect as the strain increases. Then, the DRX occurs
when the strain reaches a critical value, which will
counteract the effect of work hardening. With the
continuing increase of strain, more and more dislocations
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Fig. 1 True stress—strain curves at different deformation temperatures and different strain rates: (a) 0.001 s () 0.01 5% (c)0.1s57";
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are annihilated due to the DRX, which leads to the
decrease of flow stress. Eventually, the flow stress
decreases to a steady state when the balance is reached
between the work hardening and the softening effect
caused by DRX.

Meanwhile, it can be seen that the flow stress
increases significantly with increasing strain rate. This is
because the increment of strain rate will cause higher
dislocation density at grain boundaries so as to weaken
the softening effect caused by DRX [16]. In contrast, the
flow stress decreases as the temperature increases when
the strain rate is fixed, which is attributed to two reasons:
1) higher temperature can provide higher mobility of
grain boundaries, which benefits the nucleation of DRX,
and thus accelerating the process of dislocation
annihilation [17]; 2) the critical resolved shear stress
(CRSS) for non-basal slip systems decreases with
increasing temperature.

3.2 Constitutive equation

The relationship among flow stress, strain rate and
temperature can be described by three different
constitutive equations [18]. At low stress level, the

relationship among flow stress, strain rate and
temperature can be described by the exponential law:
&= Ao" exp[Q/(RT)] (D

At high stress level, the relationship among flow
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stress, strain rate and temperature can be described by
the power exponential law:

&= 4, exp(fo)[-Q/(RT)] )
At all stress levels, the relationship among flow

stress, strain rate and temperature can be described by
the hyperbolic sine law:

é = A[sinh(arc)]" exp[-Q/(RT)] 3)

where ¢ is the strain rate; Q is the activation energy for
deformation; R is the molar gas constant; 7 is the
thermodynamic temperature; Ay, 4», 4, ny, n, a and f are
material constants.

It is generally accepted to use the hyperbolic sine
law to describe the interaction relationship among peak
stress, temperature and strain rate. By taking natural
logarithm on both sides of Egs. (1)—(3), the equations
can be written as follows:

Iné=In4 +nlno, -O/RT) @)
Iné=In4, + fo, - O/(RT) &)
Iné =In A4+ nln[sinh(ao,)]-O/(RT) (6)
According to Egs. (4) and (5), m =dlné/dlno, ,

f=dn é/dap. The mean value of n; and £ can be
determined from the slops of Ino, —Iné (Fig. 2(a)) and
o,—Iné (Fig. 2(b)), therefore, 7,=8.198, £=0.071 MPa ',
o=p/n,=0.00866 MPa .
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Based on Eq. (6), when the strain rate is fixed, the
hot deformation activation energy Q can be expressed as

_r dlné Oln[sinh(ao,)]
0= dln[sinh(ac,)] | o(1/T)

(7

The mean value of O can be obtained by
substituting the slops of Figs. 2(c) and (d) into Eq. (7),
and it is 170 kJ/mol. The stress exponent » is determined
as 5.606 from the slopes of In[sinh(ao,)]-Iné
(Fig. 2(¢)).

The combined effects of the temperature and strain
rate on deformation behavior can be expressed by the
Zener—Hollomon parameter [18,19]:

Z = £exp[Q/(RT)] = A[sinh(ac,)]" ®)
By taking natural logarithm on both sides of Eq. (8),
the equations can be written as follows:

InZ =1In A+ nln[sinh(ac, )] 9)

The liner relationship between Z and In[sinh(ao,)] is
shown in Fig. 3. The regression coefficient is 0.98. The
intercept of fitted line in Fig. 3 is equal to the value of
In 4, and the value of 4 is calculated as 3.20x10".
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Fig. 3 Relationship between Z and In[sinh(ao,)]

Substituting the values of a, O, n and 4 into Eq. (3),
the constitutive equation of ZACMS8100 alloy can be
written as

.606
£=320x10" [sinh(0.00860'p)]5 .

exp[—1.70x10° /(RT)] (10)

3.3 Modeling of flow stress

The constitutive equation is established on a
theoretical basis of creep model [20], and thus the peak
stress is taken into account in constitutive equation
generally. However, the peak stress cannot stand for the
flow stress behavior during the hot compression process.
In order to accurately describe the flow stress behavior of

the alloy in a wide hot deformation range, the modeling
of flow stress including strain was established in this
work.

Based on the regression analysis, the material
constants (a, n, Q, In 4) of constitutive equations can be
calculated by using the values of the flow stress under
different true strains within the range of 0.05-0.85 at the
interval of 0.05. The relationship between material
constants and strain can be fitted by quintic polynomial,
as shown in Fig. 4. So, the modeling of flow stress can
be expressed as

é=A[sinh(ac)] exp[-Q/(RT))] (11)

where

0=0.00765+0.01026—0.046>+0.1727>-0.2484&*+
0.1132¢°,

n=15.11-139.866+706.86c°~1610.18:’+1696.18¢*—
670.25¢°,

0=259.26-1591.445+9579.756>23743 46>+
26338.46¢" — 10788.44¢°,

In A=57.65—412.686+2426.19¢°~5990.966°+6646.11£*—
2724.46¢°.

In order to verify the flow stress model, the
comparisons between the calculated results and
experimental results are presented in Fig. 5. It is
obviously found that the experimental and calculated
results show a good agreement in most cases, except
when the strain rate is 1 s '. Therefore, the flow stress
model is an efficient way to predict the flow behavior of
ZACMS100 alloy during the hot compression and more
detail information about the deformation process can be
acquired from it.

3.4 Processing maps

The processing map is based on the dynamic
materials model [21]. The work piece is considered to be
a dissipater of power in this model, and the efficiency of
power dissipation () occurring through microstructural
changes during hot deformation is given by
n=2m/(m+1) (12)
where m is the strain rate sensitivity of flow stress given
by O(Ino)/d(Ing). The variation of # with deformation
temperature and strain rate constitutes the power
dissipation map.

Furthermore, in order to identify the regime of flow
instability during the deformation, PRASAD and
SEAHACHARYULU [22] developed the instability
criterion based on the extremum principles of irreversible
thermodynamics as applied to continuum mechanics of
large plastic flow, flow instability will occur if

oln[m/(m+D)]

@)=z

m<0 (13)
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The instability map can be obtained by representing
the variations of &(&) with deformation temperatures
and strain rates, and then it is overlaid onto the power
dissipation map to obtain the processing map.

The processing maps obtained at strains of 0.1, 0.3,
0.5, 0.85 are shown in Fig. 6. Different colors represent
the efficiency of power dissipation and the shaded areas
represent the regimes of flow instability.

From Fig. 6, it can be found that the processing
maps have a close relationship with the strain and the
increase of strain enlarges the instability domains.

It is widely accepted that the efficiency values
corresponding to the dynamic recrystallization are about
0.3—0.4 [22,23]. The domains where complete DRX
occurs with the efficiency of power dissipation higher
than 0.3 are shown in Fig. 6.

At the strain of 0.1, domain I occurs in the
temperature range of 312-350 °C and the strain rate
range of 0.001-0.22 s, with a peak efficiency of about
0.375 corresponding to 350 °C and 0.001 s

At the strain of 0.3, domain II occurs in the
temperature range of 308—350 °C and the strain rate
range of 0.001-0.37 s, with a peak efficiency of about
0.35 corresponding to 350 °C and 0.02 s .

At the strain of 0.5, domain III occurs in the
temperature range of 318-350 °C and the strain rate
range of 0.001-0.08 s, with a peak efficiency of about
0.325 corresponding to 350 °C and 0.007 s .

At the strain of 0.85, domain IV occurs in the
temperature range of 318-350 °C and the strain rate
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range of 0.001-0.05 s, with a peak efficiency of about
0.325 corresponding to 350 °C and 0.01 5™

The domains are optimal parameters for hot
working process of the ZACMS8100 magnesium alloy,
according to the above analyses, the ZACMS&100
magnesium alloy shows good hot workability at high
temperatures and low strain rates under different strain
conditions.

3.5 Microstructure analysis

The microstructures of ZACMS100 alloy
compressed at a strain rate of 0.1 s and different
temperatures are shown in Fig. 7. It is clearly found that
the area fraction and the size of the recrystallized grains
increase along with the increasing temperatures. When
the deformation temperatures are 200 and 250 °C, the
“necklace” structure occurs at the initial grain boundary
or twins, which means that the DRX is not complete.
When the deformation temperature reaches 300 and
350 °C, the homogeneity of the microstructure is
gradually increased. However, the driving force of DRX
increases with the increasing temperature, as a result, the
size of the recrystallized grains is obvious lager than that
in the samples deformed at 200 and 250 °C.

Figure 8 shows the effect of the strain rates on the
microstructures of ZACMS8100 alloy compressed at
250 °C. It can be found that the fine recrystallized grains
generate in the most areas. However, the area fraction of
the recrystallized grains decreases with the increasing
strain rate, and the non-homogeneity of microstructure
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Fig. 6 Processing maps for ZACMS8100 magnesium alloy under various strains: (a) ¢=0.1; (b) e=0.3; (c) £=0.5; (d) e=0.85
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Fig. 7 Optical microstructures of magnesium alloy ZACMS8100 hot-compressed at strain rate of 0.1 s and various temperatures:

(a) 200 °C; (b) 250 °C; (c) 300 °C; (d) 350 °C

Fig. 8 Optical microstructures of ZACM8100 magnesium alloy hot-compressed at temperatures of 250 °C and various strain rates:

(@) 0.001s™; (6)0.01s ™ (c)0.1s T (d)1s!

is more obvious. This is because the density of twins
increases with the increase of the strain rate, and
recrystallized grains formed in twins are the main
mechanism of DRX. On the contrary, the recrystallized
grains formed at grain boundaries decrease [4].
Considering the above analyses, higher temperature

and lower strain rate are Dbeneficial for the

recrystallization during hot deformation, and the effect of
temperature on the size of the recrystallized grains is
more obvious than strain rate. This is because
temperature has exponent relation with the Zener—
Hollomon parameter and strain rate has linear relation
with it according to Eq. (8). So, temperature is the first
consideration during the hot forming process.
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4 Conclusions

1) The constitutive equation of ZACMSE100
alloy for hot deformation is &=3.20x10".
[sinh(0.00865,, )T exp[—1.70x10° /(RT)] .

2) The processing maps have a close relationship
with the strain. The increase of strain enlarges the
instability domains. The ZACMS8100 magnesium alloy
shows good hot workability at high temperatures and low
strain rates.

3) High temperatures and low strain rates are
beneficial for the recrystallization during hot
deformation, and the effect of temperature on the size of
the recrystallized grains is more obvious than strain rate.
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