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a  b  s  t  r  a  c  t

Compression  tests  of as-cast  and  as-homogenized  AZ91  alloy  were  performed  at  the  temperature  range
from 473  K  to  673  K and  the  strain  rate  range  from  0.001  s−1 to  5  s−1, and  the  flow  stress  data  obtained
from  the  tests  were  used  to  develop  the  processing  maps.  By analysis,  the  main  differences  are  as  fol-
lows:  the  flow  stress  of  the  as-cast  AZ91  alloy  is  higher  at  the  lower  temperatures  (473  K)  because  of
eywords:
Z91 alloy
low behavior
rocessing map

the  strengthening  �-phase  distributing  along  grain  boundaries.  The  efficiency  of  power  dissipation  of
as-homogenized  AZ91  alloy  is  greater  than  the  as-cast  state  below  650  K  because  of  a  larger  propor-
tion  of  twining  and/or  DRX,  and the  as-homogenized  state  still  owes  the  characteristics  of  stable  flow  at
473  K/0.001  s−1. The  optimum  deformation  parameters  gained  by  the  processing  maps  and  microstruc-
ture  are  the  same  for different  states,  and the  temperature  and  strain  rate,  respectively,  are  range  from
623  K  to  673  K  and  from  0.001  s−1 to 0.03  s−1.
. Introduction

The combination of low density and moderate strength makes
agnesium alloys well suited for applications where weight is of

ritical importance. Several attempts have been made to search
or optimum deformation conditions for magnesium alloys [1–5],
ince the unfavorable deformation behavior of magnesium at ambi-
nt temperature causes difficulties as a result of its hexagonal
lose packed crystal structure. They have studied the micro-
tructural development in AZ91 alloy during hot working and
ave characterized the micro-structural features with reference to
he associated mechanisms such as twinning, dynamic recovery
DRV) and dynamic recrystallization (DRX) under limited defor-

ation conditions. However, almost no attention has been paid
o the condition of ingot before deformation. AZ91 cast ingot
sually contains large amounts of Mg17Al12 divorced eutectics
istributing along the grain boundary, however before hot defor-
ation, these compounds are usually artificially dissolved into
atrix after a routine homogenization treatment. Hence, possible

nfluence of different initial ingot before deformation on the evolu-
ion of deformation microstructure has not been well investigated
et.

Processing map  on the basis of dynamic material model (DMM),

stablished by Prasad and co-workers recently [6,7,3],  has been
idely used to understand the hot workability of many materi-

ls, especially for some materials which are difficult to deform
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E-mail address: meng19831021@163.com (M.  Mu).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.102
© 2011 Elsevier B.V. All rights reserved.

owing to low stacking fault energy on the basal planes [8] and
wide extended dislocation, the dislocation formed in the magne-
sium alloy is hard to cross slip and climb. DMM  considers the
complementary relationship between the rate of visco-plastic heat
generation induced by deformation and the rate of energy dis-
sipation associated with micro-structural mechanisms occurring
during deformation. A non-dimensional efficiency index � is used
to represent the power dissipation through micro-structural mech-
anisms and is given as [9]

� = 2m

m − 1

where m is the strain rate sensitivity of the material, which is given
as [10][

∂(ln �)
∂(ln ε̇)

]
ε,T

= m

The contour plot of the iso-efficiency � values on the
temperature–strain rate field constitutes the processing map. With
the change of deformation temperature and strain rate, � varies,
which represents the characteristics of power dissipation through
microstructure transition.

The instability map  is developed on the basis of the extremum
principles of irreversible thermodynamics applied for large plastic
flow body [11]. The instability criterion is given as
�(ε̇) = ∂ln(m/(m − 1))
∂ln ε̇

+ m < 0

The variation of the instability parameter �(ε̇) with the change
of temperature and strain rate is applied to delineate the

dx.doi.org/10.1016/j.jallcom.2011.09.102
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. The initial microstructure of the (a) as-cast AZ91 alloy and (b) as-
omogenized AZ91 alloy.

emperature–strain rate regimes of flow instability on the
rocessing map. A detailed description of the development of the
odel as well as the significance of � value in the interpretation of

he domains has been given by Prasad et al. [12,11].
The present investigation is to study the hot deformation

ehaviors of as-cast and as-homogenized AZ91 alloy using hot com-
ression test and the processing map  technique. The aim is to clarify
he effect of as-cast and as-homogenized initial ingot on the plas-
ic flow behaviors and to determine optimum parameters for the
orming processing.

. Experimental

The composition (wt.%) of the as-cast AZ91 used in the test is as follows: Al,
.1;  Zn, 0.53; Mn,  0.20; Cu, <0.025; Fe, <0.004; Ni, <0.001; Si, <0.05; impurity, 0.01
nd balance Mg.  The initial microstructure of the as-cast AZ91 is given in Fig. 1(a).
he as-cast AZ91 was  homogenized at 673 K for 12 h, then water-quenched. The
icrostructure of the as-homogenized AZ91 is given in Fig. 1(b). The specimens
ere cut with dimension of Ø 8 mm × 12 mm.  The specimens were compression
eformed at the temperature range from 473 K to 673 K and the strain rate range
rom 0.001 s−1 to 5 s−1 on the Gleeble-1500 thermo-mechanical simulator. In order
o  reduce the deformed friction, a graphite lubricant was used between the spec-
mens and the crossheads. The specimens were induction-heated to deformation
emperatures at a heating rate of 3 K/s and held for 5 min  in order to obtain a stable
nd  uniformity temperature prior to deformation. After test, it was water-quenched
o  room temperature (RT).

The microstructures of the as-cast and as-homogenized AZ91 alloy after hot
ompression were studied by optical microscope (OM). The observation samples

ere cut out from the middle part of the deformed specimens with the observed

aces perpendicular to the compression direction. After being polished to mirror
tate, the surface was etched by an acetic glycol solution (20 ml  acetic acid, 1 ml
NO3, 60 ml ethylene glycol and 19 ml  distilled water).
mpounds 513 (2012) 112– 117 113

The as-cast AZ91 alloy consists of a-Mg matrix surrounded by the eutectic con-
sisting of (a + �) lamellar precipitates and massive �-Mg17Al12 intermetallic phases
in  Fig. 1(a). The massive phase contains, in addition to Mg  and Al, small amount of Zn
in  it [13,14]. After homogenization, the AZ91 alloy has a microstructure of few small
Mg17Al12 (� phase) particles on grain boundaries. Compared to the microstructure
of as-cast AZ91 alloy, most Mg17Al12 particles have been dissolved into the a-Mg
matrix, and the remained particles become very small.

3. Results and discussion

3.1. Flow curves

The flow stress–strain curves of the compressed samples under
different conditions are shown in Fig. 2. The general characteris-
tics of the flow curves are similar at all deformation conditions,
i.e. the flow stress increases to a peak and then decreases to
a steady state, suggesting a typical DRX-accompanied plastic
flow process [15]. At any strain rates, the peak stress and peak
strain increase along with the decrease of temperature, sug-
gesting that the working hardening effect is more significant
at low temperatures. At a given temperature, the peak stress
increases along with the increase of strain rate, indicating that
the release of work hardening factors like dislocation accumula-
tion is more effective during slower deformation processes. On
the other hand, the peak stress is reached at a certain strain
that decreases with the increase of temperature or decrease
of strain rate. This suggests that DRX proceeds more rapidly
at higher temperatures and more extensively at slower strain
rate.

The main difference between these states lies in the flow stress
value. At the lower temperatures (473 K), the flow stress of the
as-cast alloy is higher, owing to �-phase distributing along grain
boundaries increasing intercrystalline strengthening. At the high
temperature, �-phase becomes soft resulting in plastic deforma-
tion easily [16]. Compared to the as-cast alloy, the dislocation
density of as-homogenized state is higher owing to solution phase
in the interior of grains. The dynamic recrystallization is incomplete
at high strain rate and high temperature, so the stress value of as-
homogenized alloy is higher than the as-cast alloy. The difference
of the stress value is little at low strain rate and high tempera-
ture because of the complete dynamic recrystallization, as shown
in Fig. 3.

3.2. Processing map

Sivakesavam and Prasad [3] concluded that processing maps
made at different strains were essentially similar, and only did
the processing map  for designed alloy give at one strain in
many investigations. The processing maps of the AZ91 alloy
deformed at the strain of 0.8 can be obtained by means of
overlapping a power dissipation map  and an instability map  in
Fig. 4, in which the shaded domain represents the instable region.
The darker colour indicates the greater instability. From process-
ing maps, it can be seen that there are some similarities among
different states:

(1) A minimum efficiency of power dissipation can be obtained at
low temperature and high strain rate, while a maximum effi-
ciency about 35% of power dissipation can be gained at high
temperature and low strain rate. Owing to a few operating slip
systems for magnesium alloy at RT, twining is the dominating
deformation mode for it in the process of hot working at low
temperatures and high strain rates. While other slip systems

will be operated with increase of deformation temperature and
decrease of strain rate. DRX is also prone to occur in the defor-
mation processing of hot working with increase of deformation
temperature and decrease of strain rate. The microstructure
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Fig. 2. Flow stress–strain curves of the compres

transition of the as-cast alloy hot-deformed at different tem-
peratures with the strain rate of 0.001 s−1 is shown in Fig. 5.
Obviously, the fraction of DRX increased while the twining
decreased with increase of the deformed temperatures. The law
of microstructure transition also applies to the as-homogenized

state deformation.

2) The most unstable zone can be obtained as the deformation
temperature is low and strain rate is high, and � value gradually
changes from negative value to positive value with increasing
mples under different compression conditions.

deformation temperature and decreasing strain rate. Because
the alloy is deformed at the low temperatures and the high
strain rates, in which the value of � are negative. According
to Prasad, this phenomenon of flow instability is due to the
dynamic strain aging and the initiation and growth of micro-

cracks [17,18].

The processing maps gained at different states show obviously
difference, that is to say, the microstructure transition of the two
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Fig. 3. Typical microstructures of the samples deformed at 0.001 s−1 and at the
temperatures 673 K: (a) as-cast AZ91 and (b) as-homogenized AZ91. Fig. 4. Processing maps of the alloy at strains of 0.8: (a) as-cast and (b) as-

homogenized.

Fig. 5. Typical microstructures of the as-cast samples deformed at 0.001 s−1 and at the temperatures (a) 473 K, (b) 523 K, (c) 573 K and (d) 623 K.
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Fig. 7. Typical microstructures of the samples deformed at 0.001 s−1 and at the
temperatures 573 K: (a) as-cast AZ91and (b) as-homogenized AZ91.
ig. 6. Typical microstructures of the samples deformed at 0.001 s−1 and at the
emperatures 523 K: (a) as-cast AZ91 and (b) as-homogenized AZ91.

tates deformed with the same conditions is different. These differ-
nces are as follow:

1) When the temperature is below 650 K, the efficiency of power
dissipation � of as-homogenized state is greater than the
as-cast state under the same deformation conditions. The
microstructure of the two states at deformation condition for
523 K/0.001 s−1 is given in Fig. 6. Obviously, the fraction of DRX
and twining of as-homogenized alloy is greater than the as-cast
state, which leads to the large � value. It cannot find the twining
when the temperature is above 573 K, but the fraction of DRX
of as-homogenized alloy is still greater than the as-cast state,
as shown in Fig. 7.

2) Compared with the as-cast AZ91, the as-homogenized state still
owes the characteristics of stable flow at 473 K/0.001 s−1. It is
because that AZ91 cast ingot usually contains large amounts of
Mg17Al12 divorced eutectics distributing along the grain bound-
ary (Fig. 1(a)), which suffers sever cracking and facilities cavity
formation due to its incoherency with Mg  matrix, which results
in crack generation [13]. After homogenization, the AZ91 alloy
has a microstructure of few small Mg17Al12 (�-phase) parti-
cles on grain boundaries (Fig. 1(b)), so it effectively guarantee
the stability of the metal flow. The microstructure of the two
states after deformation at 473 K/0.001 s−1 is given in Fig. 8.

Comparing with the as-homogenized state, the larger elongated
�-phase along grain boundaries is found in the as-cast AZ91
alloy.

Fig. 8. Typical microstructures of the samples deformed at 0.001 s−1 and at the
temperatures 473 K: (a) as-cast AZ91 and (b) as-homogenized AZ91.
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. Conclusions

1) The general characteristics of the flow curves of the two states
are similar at all deformation conditions. The main difference
is that the flow stress of the as-cast alloy is higher at the lower
temperatures (473 K) because of the strengthening �-phase dis-
tributing along grain boundaries.

2) For the two states, the efficiency of power dissipation and the
instability parameter all increase along with the increase of
temperature and the decrease of strain rate. But the efficiency of
power dissipation of as-homogenized state is greater than the
as-cast state under the same deformation conditions because
of a larger proportion of twining and/or DRX below the tem-
perature of 650 K, and the as-homogenized state still owes the
characteristics of stable flow at 473 K/0.001 s−1.

3) By the processing maps and metallographic observations, both

the as-cast AZ91 alloy and the homogenized AZ91 alloy can gain
the great � value and stable flow regions with large number of
small DRX grains at the temperature range from 623 K to 673 K
and the strain rate range from 0.001 s−1 to 0.03 s−1.
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