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Abstract: The hot deformation characteristics of a AZ81E
magnesium alloy are studied in the RANGE temperatures
from 340 to 430°C and strain rates ranging between
0.003 and 3.0 s™! utilizing hot compression tests.
Combining Arrhenius equation and Zener-Hollomon
parameter, the high temperature flow stress model is
proposed and the average activation energy is 166.15 kJ/
mol. Processing maps for hot working are developed on
the basis of the efficiency of power dissipation with chan-
ging temperatures and strain rates. The power dissipation
map reveals that the optimum hot working domain is the
temperature range of 390-400 °C and strain rate range of
0.03-0.3s™".
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processing maps, hot working parameters

Introduction

The structural applications of magnesium alloys in aero-
space and automobile industries are rising gradually in
view of their low density, high damping capacity and
high specific strength [1, 2]. Casting technique is widely
used in magnesium alloys. But castings are restricted in
structural applications because of their low properties.
Moreover, magnesium with the hexagonal close-packed
(hcp) structure can only initiate a limited number of slip
systems, which basal slip preferentially takes place
because the critical resolved shear stress (CRSS) for the
basal slip is lower than that for prismatic and pyramidal
slips at room temperature. Liao Hui-min suggested that
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the addition of Ce to AZ81 magnesium alloy is reported to
be very effective for developing its strength, elongation
and hardness [3]. But the research on the hot deformation
behavior of AZ81E magnesium alloy has been scarcely
reported in references.

The present investigation aims to construct the high
temperature flow stress model of AZ81E and develop
processing map for hot working of AZ81E including opti-
mizing its hot workability. The workability of AZ81E is
specified by its flow stress, which depends on the form-
ing temperatures and deformation rates. Processing maps
are developed on the basis of the dynamic material
model, which is recently reviewed by Prasad and
Sheshacharulu [4, 5]. The model considers the work
piece as a dissipater of power and the whole power
dissipated (P) is composed of two complementary parts:
the G content and the J co-content. G content represents
the temperature rise dissipation and J co-content repre-
sents microstructural dissipation. The factor that parti-
tions the power between J and G is the strain rate
sensitivity (m) of the flow stress (o), and the J co-content
being given by:

J=0ém/(m+1) 1)

where o is the flow stress, & is the strain rate.

Furthermore m is given by:

B oJ B dlno
m(36),..* (51e),. @

In an ideal linear dissipater condition, m=1 and
J =Jmax =0€/2. In a non-linear dissipater condition, the
efficiency of power dissipation may be expressed in
terms of a dimensionless parameter:

rl:]/]max=2m/(m+l) (3)

The variation of the efficiency with temperature and
strain rate constitutes a processing map, which exhibits
different domains that should be correlated with specific
microstructural processes. According to criterion devel-
oped by Prasad [6], flow instability will occur if:

&(€)=0lnim/(m+1)]/0lné+m(0 (4)

The variation of &(¢) with temperature and strain
rate constitutes the instability map which may be
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superimposed on the processing map to delineate
instability regimes of negative &(¢)values.

With the help of a processing map, it is possible to
find out the optimum parameters for designing a metal-
working process without resorting to expensive and time-
consuming trials and error methods [7-9].

Experimental procedure

The chemical composition (wt. %) of the AZ81E used in
present study was as follows: Al, 8.0; Zn, 0.79; MM, 1.2,
and balance Mg. The MM was mixed rare-earth enriched
with Cerium. The starting material was a squeeze-cast
ingot with homogenization treatment at 400 °C for 8 h.
Cylindrical specimens of 8 mm diameter and 10 mm
height were machined for hot compression testing. The
hot compression tests were conducted on Gleeble-1500D
thermal simulator testing machine. The specimens were
compressed at the temperature and the strain rate ranges
340-430°C and 0.003-3.0 s~', respectively. The speci-
mens were heated in a rate of 10°C/s and kept for
3 min before the hot compression test. Graphite powder
mixed with grease was used as the lubricant in all the
experiments. The specimens were deformed up to a true
strain of 0.8 and the compression direction was parallel
with axis of specimens. Deformed specimens were
quenched in water and the cut surface was prepared for
microstructure of the cross-section was investigated by
the optical microscopy(OM). The load-stroke data
obtained in compression were processed to obtain true
stress—true elastic strain curves using the standard
method. As a function of temperature, strain rate and
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strain, the flow stress data were obtained from the
above curves and used for constructing the power dissi-
pation maps.

Results and discussion

Flow stress

The flow curves of AZ81E at various temperatures from
340 to 430°C under 0.03 s™* and at various strain rates
from 0.003 to 3.0 s under 400 °C are shown in Figure 1.
It is observed that the flow stress is directly related to
both the strain rates and the temperature. Under the
constant strain rate, the flow stress gradually deceases
as the temperature rises. Moreover, at higher tempera-
tures the stress reaches a maximal value quickly and
attains the steady state. With the decrease of tempera-
ture, the peak stress corresponds to the higher strain. At
the constant temperature, the flow stress increases with
the increase of strain rate. At the same time, with the
increase of strain rate, the strain goes up obviously at
steady state. In addition, the flow stress reaches a peak
value rapidly under lower strain rate.

The peak stress and the steady-state stress increase
with strain rate and decrease with the temperatures. This
is in consequence of the low strain rate providing long
time for the nucleation and growth of dynamically recrys-
tallized grains. On the other hand, the higher temperature
provides the higher softening rate to balance the increase
of strain hardening rate. Furthermore, the dynamic recov-
ery and dynamic recrystallization (DRX) take place under
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Figure 1: Flow stress and strain curves of AZ81E Mg-alloy.
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hot deformation. Owing to the DRX, the flow stress yields
a significant reduction [10-12].

The constitutive model for AZ81E

As demonstrated by the curves of AZ81E, the flow stress
in hot deformation is related to the strain rate and the
temperature. According to the research of hot deforma-
tion data, Sellar and Tegart developed an Arrhenius
kinetic rate equation which includes the activation
energy and the temperature [13]. In addition, at lower
stress and higher stress level, the relationship between
peak stress and strain rate is described by exponential
function and power exponent function, respectively. And
the steady-state flow stress is described by hyperbolic
function. The equations are as follows:

&=A,0™ exp L;—ﬂ 5)
&=A,exp(Bop) exp {I;—ﬂ 6)
&=A;(sinh(ag,))" exp {I;—ﬂ 7)

where ¢ is the strain rate; A;, A,, As; and a,  are con-
stants, n and n; are stress exponents, Q is the activation
energy, R is the gas constant, T is the temperature, ¢ is
the steady flow stress, o, is the peak stress. The loga-
rithm of eqs (5)-(7) are as follows:
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The temperature compensated strain rate parameter
(Zener-Hollomon parameter) can be described as:

)

Iné=po,+ InA, -

In&=nln[sinh(ao)] (10)

Alsinh(ao)]" =éexp[Q/RT|=Z (11)

So the constitutive equation for analysis of hot defor-
mation is:

o=(1/an{(z/a)""+(z/aP" ") @)

Through the analysis of egs (5) and (6), the relation-
ship between peak stress and strain rate of AZ81E at
various temperatures is shown in Figure 2. Then, the
results of data are as follows: n;=6.119, B=0.111,
a=0.0182 MPa .

According to the true stress—true plastic strain
curves, the relationship between In[sinh(ac,)] and Iné
at different temperatures is shown in Figure 3.
Moreover, the relationship between In[sinh(ao,)] and -
1/T at different strain rates is seen in Figure 4. The partial
derivative equation of eq. (10) is:

0 In[sinh(ao)]
T [ o1/T

olné¢
01In[sinh(ao)]

Q=R (13)

&

For the present experiments, a is 0.0182 MPa’, the
activation energy Q is evaluated by using eq. (13) at
various temperatures and strain rates. The average value
of AZ81E is 166.15 KJ/mol. The activation energy Q usually
equals to activation enthalpy AH. Influenced by
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Figure 2: Relationship between peak stress and strain rate according: (@) Iné- lno; (b) Iné-o.
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Figure 3: Curves of In[sinh(ao,)]-In £at various temperatures.
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Figure 4: Curves of In[sinh(ao,)|-1/T at various strain rates.

deformation temperature, strain rate and other factors,
large numbers of secondary phase particles are precipi-
tated out from AZ81E precursor phase. During the plastic
deformation of the alloy, the dispersive distributive parti-
cles hinder the dislocation sliding as obstacles, leading
the rising of the energy. The activation energy is raised
accordingly. However, the dispersive distributive particles
of rare-earth phase not only aggravate the dislocation
motion but also refine the grain. Such behaviors reduce
the energy of the sliding and climbing of dislocations,
while the activation energy is reduced at the same time.
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Equation (11) indicates a linear relationship exists
between log Z and the flow stress. Variation of flow stress
with Z parameter for the AZ81E is plotted in Figure 5. The
equation can be expressed as follows:

InZ =27.42+ 4.351n[sinh(ao),)] (14)
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Figure 5: Relationship between Z parameter and flow stress of AZ81E
alloy.

And the flow stress equation of AZ81E magnesium alloy is:
0=54.95In
1/2
{(2/8.098 x 10”)1/4'35 +[(2/8.098 1011)2/4.35 ) }

(15)
Where the Z is:

Z =£exp(166.15x10%) /RT (16)

Processing maps for AZ81E

As continuum maps, the power dissipation maps are
interpreted in terms of the microstructural processes.
These maps reveal the limiting temperature and strain
rate conditions for the occurrence of fracture and instabil-
ities during the deformation of materials. Typically, at
lower temperatures and higher strain rates, void forma-
tion at hard particles occurs, while at higher temperatures
and lower strain rates, wedge cracking occurs at grain
boundary triple junctions. At very high strain rates,
instability due to adiabatic shear band formation is the
likelihood. The regime marked by the limiting conditions
for these processes is defined as “safe” for processing,
and in this regime the processes of dynamic recovery
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(lower temperatures and strain rates) and DRX (higher
temperatures and strain rates) occur. Although Raj con-
sidered dynamic recrystallization to be an undesirable
feature during flow localization, Gandhi concluded that
both dynamic recovery and DRX are desirable processes
during hot working of a uniform billet, to keep the flow
stresses and rates of work hardening considerably low. In
fact, it is observed that DRX can effectively expand the
safe working zone by raising the upper bound for cavity
nucleation at hard particle boundaries and moving lower
bound for wedge crack initiation at grain boundary triple
junction [14-16].

The processing maps obtained for AZ81E at a strain of
0.4 and 0.6 are displayed in Figure 6 (a and b), respec-
tively. The contours represent constant efficiency of
power dissipation marked as percent and the shaded
areas indicate the regions of flow instability.

At 0.4 strain, the domain occurs in the region of 340-
430 °C for a strain rate range from 0.003 to 0.1 s™", with a
peak efficiency of around 50 %. The DRX occurs at about
400°C and 0.003 s7%, with a efficiency of about 43 %. At
this temperature, if the strain rate is sufficiently high, the
deformation rate of the grain is higher than the slip rate
of the grain boundaries. Therefore, the effect of slipping
can be ignored. If the strain rate is not sufficient high, the
crack of wedge will be released in the triangle grain
boundary. So the region of flow instability has insuffi-
cient strain rate and high temperature.

At 0.6 strain, there are two regions in the processing
maps. The first domain occurs in the region of 350-380 °C
for a strain rate 0.003 s, with a peak efficiency of about
29%. The second domain occurs in the region of 380-
430°C for a strain rate range of 0.003 to 0.3 s™.. And the
DRX occurs at about 390°C and 0.03 s, with a efficiency

Ig strain rate,S"
Ig strain rate,S™

=20 .\
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of about 32%. The flow instability occurs in the regions of
high temperature with a medium strain rate and low tem-
perature with a high strain rate. In these regions, the AZ81E
alloy contains the blocking dislocations which are sur-
rounded by particles of rare-earth phase. And the DRX
can’t eliminate these dislocations completely. With the
increase of strain, the density of dislocation is increased
and the huge internal stress is developed. When the topical
stress exceeds the interfacial bonding strength, the inter-
facial debonding occurs and the porosity defect shows up.
The porosity defect do harm to the mechanical property.
On the basis of hot deformation microstructural stu-
dies (Figure 7), it can be concluded that DRX occurs at

Figure 7: Microstructure characteristics of the hot deformed AZ81E
alloys under different conditions: deformed at 400°C and 0.003 s*
(a), deformed at 400°C and 0.03 s™* (b), deformed at 400 °C and
0.3 s7* (c), deformed at 430°C and 0.3 s™* (d).
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Figure 6: Processing map for different strains for AZ81E alloys: (a) £=0.4; (b) £=0.6.
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the temperature 400°C and strain rate in the range of
0.03 s7'-0.3 s7%. With the increase of strain rate, the grain
size of AZ81E alloys has been decreased. In addition, at
temperature 430°C and strain rate 0.3 s7!, the refining
grains become coarse.

According to the power dissipation map and the hot
deformation microstructure, the temperature range of
390-400°C and strain rate range of 0.03-0.3 s™* are the
optimum hot working parameters.

Conclusions

(1) The flow stress of AZ8IE magnesium alloy
decreases with increasing temperature and decreas-
ing strain rate. And the peak stress of AZ81E mag-
nesium alloy moves toward the large strain region
with the decline of temperature and the rise of
strain rate.

(2) the flow stress equation of AZ81E magnesium alloy is:

0=54.951n

1/2
{(2/8.098 x«10%) 4% 1+ [(2/8.098 x10™)7*% 4 1] }

where the Z is:
Z =¢£exp(166.15x10%) /RT

And hot deformation apparent activation energy of
the AZS8IE alloy is 166.15 kJ/mol, approximately.

(3) At 0.6 strain, the flow instability occurs in the
regions of high temperature with a medium strain
rate and low temperature with a high strain rate. At
0.4 strain, the flow instability occurs in the regions
of high temperature with a medium strain rate.

(4) The flowing deformation instability regions deter-
mined by this processing map are as follows: the
temperature range of 390-400°C and strain rate
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range of 0.03-0.3 s are the optimum hot working
parameters.
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