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1. Introduction

Magnesium matrix composites overcome the demerits of the
monolithic magnesium alloys, such as low stiffness, elastic modulus

and strength [1]. What is more, particulate reinforced magnesium
matrix composites fabricated by stir casting are very cost-effective,
promising a widespread application to aerospace, defense and
automobile industries [1,2]. In order to exploit the benefits of mag-
nesium matrix composites, it is important to develop secondary
processing which can effectively produce complex engineering
components directly from wrought products [3]. But few works are
conducted on studying the hot deformation behavior of particulate
reinforced magnesium matrix composites [2].

For the industrial applications, the flow stress is the most impor-
tant property of the material during processing. The power-law
Eq. (1) has been extensively applied to represent the relationship
between flow stress and strain rate [3–9]:

ε̇ = A
(

b

d

)q(�

G

)n

exp
(

− Qa

RT

)
(1)

where A is a constant, n the stress exponent, G the shear modulus,
� flow stress, R the gas constant, Qa the apparent activation energy,
b the magnitude of the Burgers vector, d the grain size and p (=2
or 3) the grain size exponent. Theoretically, we can understand the
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rmation behavior of a 10 vol.% SiC particulate reinforced AZ91 magne-
AZ91) fabricated by stir casting is investigated at elevated temperature
flow stresses decrease as temperatures increase and strain rates decrease.
llization (DRX) becomes less as temperatures decrease at 250–350 ◦C or
stallization occurs mainly within the intergranular regions rich of parti-
accomplishes at 400 ◦C even at the strain rate of 1 s−1. An analysis of the
strain rate and temperature gives a stress exponent of n = 5 and a true

. The value of Q is close to the value for grain boundary diffusion in Mg. It is
mechanism of SiCp/AZ91 composite during hot compression is controlled

© 2008 Elsevier B.V. All rights reserved.

physics of deformation by calculating the stress exponent and the
activation energy. In practice, however, the stress exponent n is very
high, and the values of apparent activation energy for metal matrix
composite are much higher than the values of self-diffusion in their
matrix alloys [4,5,10,11]. It is a standard procedure in metal matrix
composites to interpret the deformation in the term of an effective
stress, �e, which is defined as (� − �0) where �0 is a threshold stress

delineating a lower limiting stress for any measurable flow [7–9].
Under these conditions, Eq. (1) is modified into:

ε̇ = A
(

b

d

)q(� − �0

G

)n

exp
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)
(2)

where Q is true activation energy, and �0 is estimated either by
plotting against on linear axes for selected values of n and extrapo-
lating linearly to zero strain rate or by directly extrapolating the
deformation data to very low strain rates. Threshold stress and
true activation energy have been extensively studied in aluminium
matrix composites [4,5,11], but corresponding works on magne-
sium matrix composites are very few [10,12–14]. Nieh et al. [13]
have studied superplasticity of SiCp/ZK60 composite and found that
the superplastic deformation was one of grain boundary sliding
controlled by grain boundaries diffusion mechanism. The creep of
magnesium strengthened with high volume fractions of yttria dis-
persoids was studied by Han and Dunand [15]. They found that
two separate creep regimes were observed in the composite, at
low stresses, both the apparent stress exponent and the apparent
activation energy are low, while at high stresses, these parame-
ters are much higher and increase, respectively, with increasing
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temperature and stress [15]. Ferkel and Mordike have investigated
the creep behavior of magnesium strengthened by SiC nano-
particles [16]. Some researchers have studied the deformation
behavior of alloy system reinforced with intermetallic particles, for
example Mg–Zn–Y [17,18] and Mg–Si alloys [19].

In this paper, the deformation behavior of SiCp/AZ91 is inves-
tigated at elevated temperature (250–400 ◦C), and the stress
exponent and true activation energy are calculated using Eq. (2).

2. Experimental procedure

The 10 vol.% SiCp/AZ91 composite used in this work is fabricated
by stir casting. The average diameter of SiCp is about 10 �m. The
details for stir casting processing have been described in references
[20]. The particle distribution is uniform at macroscopical scale, but
particles are segregated at a microscopical scale near grain bound-
ary regions, which is a typical “necklace-type” particle distribution
in metal matrix composites fabricated by stir casting [20]. Cylindri-
cal billets of 8 mm diameter and 12 mm height are machined from
the composite. Before compression test, specimens were subjected
to T4 treatment (380 ◦C, 2 h + 415 ◦C, 24 h) in order to eliminate the
influence of second phase Mg17Al12. The average grain size of the
composite (T4) is about 95 �m. The Compressive tests are con-
ducted using a compute-controlled Gleeble-1500D test machine
within a temperature range between 250 and 400 ◦C and a strain
rate range between 0.001 and 1 s−1 in a vacuum. Graphite lubri-
cant was used for the compression tests in order to reduce friction.
The specimens are held for 5 min after the specimen temperature
reached the given temperature, and the tests start.

3. Results and discussion

3.1. True stress–strain curves and microstructure

The flow stresses and peak stresses increase with decreas-
ing temperatures or with increasing strain rates, as shown in
Figs. 1 and 2. All the true stress–strain curves show an initial
work hardening period followed by a regime of near steady-
state flow, which results from hardening and softening of the
composite during hot deformation. At the primary stage of hot com-
pression, generation and pile-up of the dislocation lead to work
hardening. Subsequently, the rate of hardening is balanced by the
rate of softening due to dynamic recrystallization (DRX) [6]. The

strains corresponding to the peak stresses decrease as tempera-
tures increase and strain rates decrease, because greater amount of
deformation is needed to form a recrystallization nucleus at higher
strain rates and lower temperatures.

The typical microstructure of SiCp/AZ91 composite hot com-
pressed is shown in Fig. 3. The extent of DRX becomes less as
strain rates increase at 250–350 ◦C and temperatures decrease. DRX
accomplishes at 400 ◦C even at the strain rate of 1 s−1. So DRX is easy
to occur at high temperatures and lower strain rates, which results
in early arrival of peak stresses and softening in the strain–stress
curves, as shown in Figs. 1 and 2. Recrystallized regions are mainly
located in the intergranular regions where particle segregates, and
recrystallization do not occur in the intragranular regions which
are poor of particles, as shown in Fig. 3(a)–(c) and Fig. 4(a)–(c). This
indicates that particles stimulate DRX [2]. As recrystallization pro-
gresses (in Figs. 3 and 4), recrystallized regions extend from the
intergranular regions to the central regions of grains. It is very sim-
ilar to rotational DRX observed in Mg alloy [21,22]. For rotational
DRX model, fine DRX grains are formed at the distortion region in
the vicinity of grain boundaries [22]. Especially at high temperature,
slip in non-basal systems may operate, thus giving rise to rotated
ngineering A 492 (2008) 481–485

regions and accommodating the imposed external deformation
[22]. As strain increases further, subgrains form in these mantle
regions by dynamic recovery and ultimately high angle bound-
aries appear by subboundary migration and coalescence [22]. In
the composite under study, the presence of SiCp leads to inho-
mogeneous deformation [23]. The dislocation structures resulting
from this inhomogeneous deformation give rise to the formation of
locally rotated regions to material adjacent to SiCp, which is called
particle deformation zones (PDZ) [23]. PDZ are ideal sites for the
development of recrystallization nucleus because of high disloca-
tion density and large orientation gradient in PDZ [23]. SiCp are
segregated at grain boundaries in this composite, which is a typ-
ical “necklace-type” particle distribution. So, DRX grains are also
formed in the vicinity of grain boundaries in this composite. This is
very similar to the rotational DRX model.

3.2. The activation energy for plastic deformation

The true stresses at ε = 0.2 are selected to calculate the activation
energy. A plot of � against ε̇1/n (n = 2, 3, 5, 8) is adopted to determine
the threshold stress, as shown in Fig. 5. n = 5 and n = 8 give the best
linear fit among the assumed stress exponent “n”. The calculated
threshold stresses are minus using n = 8, so we discard the value. As
shown in Fig. 6, the threshold stresses are calculated using n = 5 to
be 44, 29, 12 and 10 MPa at 250, 300, 350 and 400 ◦C, respectively.
Calculations give the stress exponent of n = 5, which indicates that
the hot deformation is controlled by the climb of dislocations [10],
and true activation energy of Q = 99 kJ/mol, as shown in Fig. 6(b) and
(c). The value of Q is very close to the value for grain boundary dif-
fusion (92 kJ/mol) [24]. Li et al. investigated the high-temperature
compressive behavior of SiC whisker reinforced AZ91 composite
and obtained that n increases from 5.2 to 8.3 with temperature
decreasing from 400 to 200 ◦C, and that the apparent activation
energy was much higher than the value of Mg self-diffusion [14].
Their high values of n and Qa may be due to the high volume fraction
of SiC whiskers [4].

The analyses of deformation data for unreinforced materials,
it is usual to anticipate that the value of n will take values of
3, 5 or 8, representing the viscous glide of dislocation, climb
of dislocation, or a constant substructure model in which the
microstructure remain constant during deformation, respectively
[4,11]. For n = 5 or 8, the anticipated activation energy is close to
the value for self-diffusion in the crystallization in aluminium-
based materials [4,24], but the calculated activation energy in our

study is close to the value for grain boundary diffusion in Mg
when the stress exponent n is equal to 5. Springarn and Nix [25]
have established a creep model based on the climb of disloca-
tions at grain boundaries. In the creep model [25], n varies 1–5,
and the activation energy corresponds to grain boundary diffu-
sion. So our calculated results are supported by their theory. Han
and Dunand [15] also found n = 5 in high-stress regime in magne-
sium strengthened with high volume fractions of yttria dispersoids,
which confirms our results. Very limited information is presently
available on the hot deformation of composite fabricated with
an AZ91 matrix alloy, but more information is available on Mg
alloys [12]. **Vagarali and Langdon have also found that creep in
polycrystalline Mg occurs with an activation energy close to the
value for grain boundary diffusion and with a stress exponent of
5 at temperatures below 350 ◦C, which is very consistent with
our results [24]. Somekawa et al. [9] have also found that creep
mechanism of AZ91 alloy is dislocation-climb-controlled in the
deformation conditions which are similar to compression condition
in our study. Our results agree with the deformation mechanism
maps for Mg alloys drawn by Somekawa et al. [9]. So all of these
confirm the hot deformation mechanism of SiCp/AZ91 composite
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Fig. 1. Typical true stress–strain curves of SiCp/AZ91 composite hot compressed at different temperatures (250–400 ◦C), and strain rate of (a) 0.001 and (b) 1 s−1.

Fig. 2. Typical true stress–strain curves of SiCp/AZ91 composite hot compressed at different strain rate, and temperature of (a) 300 and (b) 350 ◦C.

Fig. 3. Optical microstructure of SiCp/AZ91composite hot compressed at different parameters (arrows represent DRX regions): (a) 300 ◦C, 0.01 s−1; (b) 300 ◦C, 0.001 s−1; (c)
350 ◦C, 0.01 s−1; (d) 400 ◦C, 0.01 s−1.
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Fig. 4. Further magnification of

is controlled by dislocation climb. The particle distribution charac-
teristics of the composite under study may influence the physics
of the deformation. As shown in Figs. 3 and 4, most of particles
segregate in the intergranular regions [1,15]. So there are many
particle/matrix interfaces and high dense dislocations in the inter-
granular regions, which makes grain boundary diffusion easy to
occur during hot deformation. As shown in Figs. 3 and 4, DRX occurs
mainly in the intergranular regions, which may support that grain
boundary diffusion plays a predominant role during hot deforma-
tion.

Fig. 5. The plots of flow stress vs ε̇1/n . (a
Fig. 3(a)–(d), respectively.

In our study, the threshold stresses decrease from 44 to
10 MPa as temperature increase from 250 to 400 ◦C. Watanabe
investigated the superplasticity of the AZ31, and calculated the
threshold stress to be 5.2, 2.8, 2.4 and 1.6 MPa at 225, 350,
375 and 400 ◦C, respectively [26]. And the threshold stresses in
our study are also much higher than the threshold stresses for
Mg–Al–Zn alloys (AZ31, AZ61, AZ91) calculated by Del Valle et
al. [27]. Del Valle et al. [27] have found that the threshold stress
decreases with decreasing grain size. The grain sizes of those
alloys are much smaller than that of the composite under study

) n = 2, (b) n = 3, (c) n = 5, (d) n = 8.
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ln[(�
Fig. 6. The variation of (a) flow stress vs ε̇1/5, (b)

[26,27]. So the higher value of threshold stresses in the com-
posite under study results from presence of SiCp and large grain
size [4,10,12,27]. However, the values of threshold stress in the
composite under study are much lower than the value calculated
by Han and Dunand [15]. This is due to high volume fractions
of ultra-fine yttria dispersoids in Han and Dunand’s composite
[15].

In order to account for the temperature dependence of the
threshold stress �0 in aluminium-based materials, Mohamed et al.

development a semi-empirical Arrhenius relationship of the form
[4,12,28],

�0

G
= B exp

(
Q0

RT

)
(3)

where B is a constant and Q0 is an energy term which is tentatively
associated with the binding energy between the dislocation and
obstacles in the glide plane. Both our and Watanabe’s values of the
threshold stress is not fit to Eq. (3). But Han and Dunand [15] have
calculated a threshold stress for Mg–yttria composite that follows
an Arrhenius relationship proposed by Mohamed et al. [28]. They
have gotten Q0 = 11 kJ/mol according to Eq. (3) [15].

4. Conclusion

The hot deformation of a SiCp/AZ91 composite fabricated by stir
casting is investigated by compression tests. Following the stan-
dard procedure for hot deformation, the flow stressed are related
to strain rat and to temperatures by means of a modified power-
law equation. Calculations give n = 5 and Q = 99 kJ/mol. According
to the calculated results and the published results, it is concluded
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that the mechanism controlling hot deformation is the climb of
dislocations.
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