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Abstract

The AZ31 alloy containing nanopowder SiO2, in comparison to other mag-
nesium alloys, can be utilized for manufacturing extruded parts with a
high loading rate. The main goal of the present study is to investigate the
compressive flow stress for AZ31 alloy reinforced with 2% SiO2 nano particles
(with mean diameter of 35±2nm) in three different temperatures of 473, 493,
and 513K and three strain rates of 0.0002, 0.002, and 0.02s−1 using ring
compression test. The stress-strain curve at three temperatures and three
strain rates were obtained by implicating the bulge and numerical correction
factors. Having drawn stress and strain curve, a relation between stress and
strain using the Zener-Hollomon equation, which is based on activation energy
from plastic forming, was found. The coefficients of the Zener-Hollomon
equation were computed for achiving the activation energy.

1. Introduction

Magnesium and its alloys in comparison to other ma-
terials have better mechanical properties such as low
density, thermal conductivity, electromagnetic charac-
teristics, high elastic modulus, etc [1-3]. The influence
of correction factor and Thermo Liquid Crystal Poly-
mer (TLCP) coreinforced on the mechanical proper-
ties of PA6-based composites were investigated and it
was found that the optimum molding temperature was
240◦C and the mechanical properties of the composites
first increased and then decreased with an increase in
TLCP content. Moreover, the introduction of a com-
patibilizer improved the mechanical properties of the
composites [4].

Effect of metal nanoparticles on polariton disper-
sion in low dimensional systems was analyzed and
it was found that when the percentage of Al metal
nanoparticle increases, the frequency of the upper

mode increases. Furthermore, the gap shifts towards
longer wave vector region. The polariton disper-
sions at the Brillouin Zone center and the edge of
LiNbO3/LiTaO3 Quantum Well, Quantum Wire, and
Quantum Dot superlattice systems are studied and
compared [5].

Effect of Hydrotalcite-Like compounds (HTLcs)
with the high specific surface area on mechanical prop-
erties and carbonation resistance of cementitious com-
posites were analyzed and the results showed that spe-
cific surface area of HTLcs increases with an increase in
Sodium Dodecyl Sulfate (SDS) concentration, and the
HTLcs have lower crystallinity when the concentration
of SDS is above 0.004mmol/l. The mechanical proper-
ties of cementitious composites increase as HTLcs con-
tent vary from 0% to 1% and then decrease as HTLcs
content rise from 1% to 2% [6].

The AZ31 is an Mg alloy which has been examined
by many authors that are mentioned in the following.
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Yang and Kim studied AZ31 magnesium alloy at con-
stant temperatures ranging from 423 to 473K. Yang
and Kin mentioned that at ratios (σ/G < 4 × 10−3)
and (σ/G < 4 × 10−3), the creep curves were typical
class A and M behaviors, respectively. They indicated
the mechanism of forming was glide-controlled disloca-
tion creep [7].

Chung et al. investigated the fatigue and ten-
sile properties for AZ31 and AZ61 alloys produced by
Equal Channel Angular Pressing (ECAP). They stated
the grain refinement of the mentioned alloys in ECAP
is not dependent on fatigue strength [8]. Prasad and
Rao studied processing maps on forming AZ31 in tem-
perature range between 300-550◦C by hot pressing the
parallel samples to rolling direction, the normal direc-
tion, and transverse direction. The strain rate used
in this study was 0.0003-0.3 1/s [9]. Kohzu et al. ex-
amined fracture mechanisms and forming limitations
in cylindrical deep-drawing below 473K in AZ31 al-
loy. The Authors presented a remarkable improve-
ment in ductility in AZ31 at heating between 373 to
473K [10]. Palaniswamy et al. investigated the non-
isothermal (FE) simulation for forming round cups and
rectangular pans from Mg alloy AZ31B sheet at room
temperatures. Results of their study in terms of sim-
ulations and experiment predictions were presented.
The results showed an increase in Limiting Draw Ra-
tio (LDR) with an increase in temperature [11]. Chen
and Huang [12], examined the formability of stamping
for AZ31 at room temperatures by conducting various
experiments. They indicated that AZ31 sheets exhibit
poor formability at room temperature, but the forma-
bility is meliorated significantly at elevated tempera-
tures. Del Valle et al., implicated electron backscat-
tered diffraction and optical microscopy to study the
microstructural evolution under tensile deformation of
an AZ31 alloy with grain size ranging from 17 to 40µm
[13].

Cheng et al. used the uniaxial warm tensile tests
under a strain rate from 0.1-0.0001s−1 at a temper-
ature range of 423-573K to predict the flow stress of
AZ31 alloy sheet. The Authors indicated that the pre-
sented model by them may be a better approach at
the softening stage of the flow stress in comparison
to the Fields-Backofen equation [14]. Li presented a
model according to three deformation modes: S (Slip),
T (Twinning) and U (Untwinning), corresponding re-
spectively to inplane tension, initial compression, and
tension. They have derived a Von-Mises yield sur-
face with initial nonzero back stress to calculate plastic
yielding asymmetry [15]. Nguyen et al. [16], presented
a computationally effective constitutive model which
is suggested to estimate the mechanical behavior of
Mg alloy sheets. The mentioned material model was
implemented as a userdefined material subroutine in
the commercial FE code PAM-STAMP®. Barati im-
plicated a new numerical approach for determination
of flow curve and evaluation of frictional behavior of

AZ61 alloy under elevated temperature with the ring
compression test [17]. Barati considered strain rarte
effects on the frictional propertis of AZ61 alloy as well
[17]. Sharma et al. [18] produced a hybrid nano com-
posite consisted of grapheme, multi wall carbon nano
tubes, and AZ31 alloy. They used strir friction fac-
tor method for producing process. The results of their
experiments showed that the increase of tool rotation
speeds leads to fracture toughness strength. Yan et al.
[19] investigated the biodegradable behavior of Mg-Zn
alloys prepared by powder metallurgy as a case study
and they observed that the produced alloy is very ho-
mogenous and uniform. They concuded that fine grain
size, tiny second phases and uniform distribution of el-
ements made this alloy very unique. Additionally, they
reported that this alloy can be a good corrosion pro-
tective as well. Barati et al. [20], studied the effects
of SiO2 on mechanical properties of AM60 alloy. They
implicated an ultra weight via ultrasound-assisted cast-
ing. Their experimental results showed that SiO2 nano
particle leads to grain size reduction as well as strength
increase for AM60 alloy. Hosseini Tabar and Barati
[21] examined the effects of SiC nano particles on fa-
tigue life of Aluminium matrix composites. They im-
plicated a micromechanical model to analyze the fa-
tigue properties of Al-based composite. The results
obtained from their simulations showed that their pre-
sented model can properly predict fatigue life.

Haghani et al. [22] studied the mechanical property
and microstructure of nanocomposite AZ31/SiC fabri-
cated by friction stir process. They studied effects of
4, 8, 12 and 8 weight percentage of SiC on AZ31 alloy.
Their results showed that 4% SiC addition made the
most magnitude for ultimate stress, and by increasing
the magnitude of SiC, the ultimate strength decreases
respectively.

Although a large number of researchers have fo-
cused on effects of nanoparticles addition to magne-
sium alloy, but it seems that there is a lack of knowl-
edge in modeling of reinforced-magnesium alloy espe-
cially at high temperature. In addition, the effects of
nano SiO2 on the hot compressive flow stress of AZ31
alloy have not been considered up to this study. All
the previous work with con-sidering nano SiO2 was per-
formed at room temperature and the effects of forming
condition were neglected.

The objective of this study is to investigate the
mechanical behavior of Mg alloy AZ31 with 2% SiO2

nanopowder at three strain rates of 0.0002, 0.002 and
0.02s−1 and three temperatures of 473, 493 and 513K.

2. Experimental Procedure

2.1. Preparation of Magnesium Alloy

In this study high porosity Mg, Al billet (with poros-
ity equal to 99.24%) and Zn plate (with porosity equal
to 99%) were prepared according to the conditions be-
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low. It is worthy to know that for selecting 2% nano
SiO2, 4 different percentages of SiO2 from 1%, 2%, 4%,
and 8% were added to AZ31 and their effects on the
strength of AZ31 at room temperature were investi-
gated. The results showed that the maximum amount
for the compressive strength were observed at 2% SiO2

nano addition. Therefore, 2 weight percent SiO2 was
considered as the reinforcement phase during this re-
search. In order to manufacture AZ31 alloy with 2%
SiO2 nanopowder, at first, a mixture from Al and Mg
for 60min at 1014K in a low carbon-steel crucible was
prepared. In this process to avoid the oxidation of its
surface, a mixture from NaCl-MgCl2 was confected.
After 60min, Zn and 2% SiO2 nanopowder were added
to casting crucible and it was mixed for 2min. Once
again the mixture was put in an electric furnace for
30min.

In the following part to provide standard testing
sample, the number of cylinders to diameter and height
equal to 6 and 9mm (for compression tests) was pro-
duced. Moreover, for ring compression test, the num-
ber of hollow rings with outer, inner diameter and
height equal to 9, 4.5, and 3mm manufactured. In the
following similar samples without nanopowder SiO2 are
prepared. SEM images of AZ31 with SiO2 nanopow-
der is shown in Fig. 1. A hexagonal lattice structure
of AZ31 is seen in Fig. 1 according to Refs. [10, 11,
17].

Fig. 1. SEM images of AZ31 with SiO2 Nanopowder
10min SHT microstructure.

In the following to ensure the high porosity of Mg
AZ31 with 2% SiO2 nanopowder, a sample for EDS
(Energy Dispersive X-ray Spectroscopy) testing is pro-
vided that its results are mentioned in Fig. 2. Fig.2
is the output of EDS machine that ensures us about
the weight percentage of the fabricated alloy based on
accelerating voltage. Fig. 3, The map of AZ31 + 2%
SiO2 , can help one to understand whether the material
is homogenous or not. In addition, it is worthy to know
that from the map of reinforced alloy by nanoparticles,
the agglomeration can be determined as well. Maps
of Mg, Al, Si, and SiO2 are represented in Fig. 3. In
this Fig. the dispersion of SiO2 in Mg is considered
homogenous.

Fig. 2. The results from EDS testing on Mg AZ31
alloy with 2% SiO2 nanopowder.

Fig. 3. Back-scattered electron compositional maps
that are measured with wavelength spectroscopy.

2.2. The Hot Ring Compression Test
After preparing cylindrical (solid and hollow) samples,
experimental tests with the tensile compression test-
ing machine (15kN), (manufactured by Santam comp.)
equipped with electric furnace are done. The accuracy
of electric furnace is 0.1K. The hot ring and compres-
sion are carried out for three temperatures of 473, 493
and 513K, and three strain rates of 0.00025, 0.0025
and 0.025s−1. In the following, the samples remained
for 15min into the furnace to ensure that its tempera-
ture is constant. Accordingly, after 15min, the hot ring
compression test with 8 steps and the hot compression
test (with cylindrical samples) with 5 steps were done.
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Totally, 72 tests for samples with/without SiO2 at 468
steps to two repeat were performed.

In the hot ring compression test at each step, after
loading, the amount of outer/inner diameter and height
of samples are measured and test continues. Similarly,
in the cylindrical compression test at any step, the val-
ues of height and diameter are measured. After finish-
ing test, the sample was washed in water to prevent
any further change in its microstructure. All the ring
and cylindrical compression tests were done under dry
interfacial conditions. In the following, the amount of
flow stress and true strain can be computed.

2.3. Bulge Correction Factor

In cylindrical compression tests, barrel deformation of
sample due to the presence of friction is not incon-
ceivable. So a procedure must be presented until the
dimensional variations of samples are considered. It is
worth noting that in bulge correction factor, the ratio
of height per diameter must be 1.5. The calculation of
Bulge corrections factor is presented below. The de-
formed sample in the compression test is shown in Fig.
4.

Fig. 4. The deformed sample at the compression test.

In the Bulge correction factor method, average
stress and curvature radius are calculated from Eqs.
(1-2) As:

σ̄ =
4F

πd20
(1)

R =
h2 + (d2 − d1)

2

4(d2 − d1)
(2)

Finally, it can be shown that C, Bulge correction fac-
tor, is computed from Eq. (3) as [17]:

C =

{(
1− 4R

d2

)
ln

(
1− d2

4R

)}−1

(3)

In the following, stress-strain curves can be drawn
by use of testing data and correction factor.

2.4. Numerical Correction Factor
The numerical correction factor is a new iterative
method that correction factor can be drawn with ac-
curacy more than previous methods such as Bulge cor-
rection factor. In this method, at first, friction coeffi-
cient using the calibration curve, drawn from the hot
ring compression test, is computed. Then, the stress-
strain curve drawn from bulge correction factor, and
friction coefficient are inserted into finite element soft-
ware (Ansys Ver. 2010). The compression testing sim-
ilar to experimental procedure is modeled and eventu-
ally the modified stress-strain and force-displacement
curve are drawn. Before step 2, by use of the mod-
ified stress-strain curve obtained from previous step,
the calibration curve was plotted to measure friction
coefficient more accurately than previous step. Having
calculated the modified friction coefficient, the modi-
fied stress-strain and force-displacement curves are in-
serted into finite element software. The compression
test is simulated and again the stress-strain and force-
displacement curves are drawn. After 2 or 3 iterations,
the force-displacement curve obtained from last iter-
ations has a good agreement with force-displacement
from experimental testing.

So the stress-strain curve computed from the last
iterations is more accurate than the stress-strain ob-
tained from the bulge correction factor. The numerical
correction factor is accurate, especially in high strain
rate loading.

3. Results and Discussion

In previous sections, enough materials to measure fric-
tion coefficient and draw the stress-strain curve at three
strain rates and three temperatures were presented.
Represented in Table 1 are the values of friction co-
efficient obtained from numerical correction factor and
the hot ring compression test, at three strain rates of
0.00025, 0.0025 and 0.025s−1 and three temperatures
of 473, 493 and 513K.

Table 1
The Friction coefficient for different temperature and strain rates.

T K 473 493 513 473 493 513
ε̇, [s−1] Samples with 2% SiO2 Samples without 2% SiO2

0.0002 0.30 0.33 0.37 0.31 0.34 0.37
0.002 0.28 0.32 0.37 0.28 0.33 0.37
0.02 0.26 0.30 0.33 0.26 0.31 0.34
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Contrary to the previous studies, the friction coef-
ficient is affected by temperature and strain rate, in
Table 1 an increase in temperature leads to mild rise
in friction coefficient. It seems that decreasing strain
rates (from 0.02 to 0.0002s−1) caused friction coeffi-
cient to increase. Generally, in high strain rate load-
ing, contact time between sample and platen is lower
so increasing contact time rises friction coefficient. On
the other hand, increasing temperature leads to rise
in internal kinetic energy, so in contact surface, the
movements of molecules are grown. Based on results in
Table 1, it seems that 2% SiO2 additive does not have
a considerable effect on friction coefficient. Having cal-
culated friction coefficient using ring compression test,
the amount of stress and strain by use of numerical
correction method is computed.

The compressive flow stress-strain curve in
T = 473K for different values of strain rates is shown in
Fig. 5. This figure showed that strain hardening, strain
softening, and steady stress-stress condition occoured
for each strain rate. According to Fig. 5, it seems that
an increase in strain rate from 0.0002 to 0.02 1/s leads
to rise in flow stress about 61%. This phenomenon can
be interpreted in this way that by decreasing the strain
rates at 473K, there is a huge time for the grain for
twinning process as well as dynamic recrystallization.
Both twinning processs and dynamic recrystallization
help to softening behavior because there is a lot of new
born grains with zero stress. This zero stress grains
led to decrease in the average stress and finally, the
softening phenomenon occurred.

Fig. 5. The flow stress-strain curve in T = 473K for
different values of strain rates.

The compressive flow stress-strain curve in
T = 473K for different values of strain rates is shown
in Fig. 6. Based on the result in Fig. 6, an increase in
strain rate leads to increase in the ultimate flow stress
which is seen in greater strain. Represented in Fig. 6
is the flow stress-strain curve for the several of strain

rate in T = 493K. Similar to Fig. 4, with decreas-
ing amounts of strain rate from 0.02 to 0.0002 1/s, the
flow stress is reduced. The comparison between two
Figs. 5-6 shows that increasing temperature caused to
reduce in the flow stress of about 20%. This means
that the compressive flow curve are more sensitive to
temperature rather than strain rates. The increase in
temperature leads to increase in the required energy
for dynamic recrystallization process and twinning phe-
nomenon. These factors help softening phenomenon
act earlier at lower level of peak stresss.

Fig. 6. The flow stress-strain curve in T = 493K for
different values of strain rates.

The compressive flow stress-strain curve for AZ31
+ 2 weight percentage of SiO2 at T = 513K for differ-
ent values of strain rates is shown in Fig. 7. Similar
to previous Figs. 5-6, increasing temperature leads to
decrease in flow stress. Based on results in Figs. 5-
6, it seems those temperature and strain rates play a
key role in flow stress-strain curve and with increasing
temperature form 513 to 473K and reducing strain rate
from 0.02 to 0.0002 1/s, the flow stress-strain curve de-
creases. For example, by considering strain rate equal
to 0.0002 1/s and different temperature (473, 493, and
513K), the lowest compressive flow stress-strain curve
occurs at the highest temperatue. This can be inter-
pereted as the same explanation that the increase in
temperature leads to increase in the required energy
for dynamic recrystalization process and twinning phe-
nomenon.

AZ31 flow curve at high temperature in various
forming conditions was investigated by Fersteh-Saniee
et al. [23] By comparing the results in Figs. 5-7 with
AZ31 flow curve at high temperature, one can under-
stand that adding 2% nano SiO2 leads to increase in
stress in the flow curve. These results are in accordance
with Barati et al. results for AM60 alloy [20].
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Fig. 7. The flow stress-strain curve in T = 513K for
different values of strain rates.

In the following, an equation is presented to predict
the behavior of flow stress as a function of strain, strain
rate, and temperature. In this study, to estimate flow
stress-strain curve, Zener-Hollomon equation is used
(Eq. (3)), which is based on activation energy from
plastic forming.

Z = ε̇ exp

(
Q

RT

)
= A[sinh(ασ)]n (4)

In Eq. (4), Q, R, and T are activation energy in
plastic forming, the gas constant, and temperature, re-
spectively. The activation energy in temperature is
calculated from Eq. (5);

Q = RnΘ (5)

In Eq. (5), Θ and n are the slope of ln(ε̇) −
ln(sinh(ασ)) curve at constant temperature (Fig. 7)
and the slope of ln(sinh(ασ))−{1000/T} curve at con-
stant strain and strain rate (Fig. 8), respectively. In
Eqs. (4-5), α is equal to 0.055.

The curve of ln(sinh(ασ)) − {1000/T} at constant
strain rate is demonstrated in Fig. 6. The relation
between σ and Z can be expressed in Eq. (6);

σ =
1

α
ln

(Z

a

)1/n

+

((
Z

a

)2/n

+ 1

)1/2
 (6)

In the following, by use of Eqs. (4-5) and Figs. 8
and 9, the variation of Ave. activation energy as func-
tion of temperature is shown in Fig. 10.

Fig. 8. The ln(ε̇) − ln(sinh(ασ)) curve at constant
temperature.

Fig. 9. The ln(sinh(ασ))−{1000/T} curve at constant
strain rate.

Fig. 10. The amounts of activation energy as function
of temperature at constant strain rate.
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In the following, by use of Eqs. (4-5) and Figs. 8-
10, the ln(Z)− ln(sinh(αα)) curve can be exhibited in
Fig. 11.

Fig. 11. The values of ln(Z) as function of
ln(sinh(αα)).

Using Fig. 10 and Eq. (6), flow stress can be com-
puted as function of Z (please see Eq. (4)).

4. Conclusions

Based on results in previous section, in hot forming
a decrease after peak of stress is shown which is due
to the new crystallization phase magnesium. Gener-
ally with increasing temperature, friction coefficient in-
creases which is due to increase in internal energy and
with decreasing strain rate, the amount of friction coef-
ficient, due to decreasing contact time between die and
samples is reduced. Increasing temperature from 473
to 493 and 513K caused the reduction of approximately
20 and 40 percent in the peak of stress, respectively.
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