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Abstract: Hot deformation behavior of homogenized Mg-4Sn binary alloy was studied using compression tests in
the temperature range of 300-500°C and strain rates of 0.001-1s"'. The material showed typical single peak flow
behavior followed by a steady state flow as a plateau, which was more evident at the high value of Zener-Hollomon
parameter. Constitutive analysis showed that in spite of the original Johnson-Cook (J-C), conventional strain
compensated Arrhenius model based on the Sellars-McTegart model, had a reasonable agreement with the
experimental data. Moreover, the well-known hyperbolic sine function fitted the experimental data for predicting of

the peak stress with a fair degree of accuracy.
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1. INTRODUCTION

Cast magnesium alloys have gained more
popularity in recent years due to their ability to
maintain high strengths at light weights.
Magnesium offers unique properties and has
gained widespread usage as components and
structural applications in the automotive industry,
and non-automotive applications such as
computer, electronics and power tool industries.
Magnesium alloys usage is continuing to expand
due mainly to that they are 35% lighter than
aluminum alloys and 78% lighter than steel [1].
The interest in Mg-Sn based alloys started in the
early 1930s [2, 3]. However, after 2000 there has
been an increased global demand in these alloys
which are believed to have potential for structural
applications at elevated temperatures.

According to the binary phase diagram [4], the
solubility of Sn in Mg decreases from 14.85 wt.%
at the eutectic transformation temperature of
561°C to less than 0.45 wt.% at 200°C. The
intermetallic phase Mg>Sn in Mg-Sn alloys has a
high melting point (770°C) and known as a
thermally stable intermetallic precipitate [5]. It
has been shown that the formation of fine
thermally stable Mg,Sn particles is the main
strengthening mechanism in these alloys mainly
due to that they distributed at the boundaries of
the as-cast Mg-Sn alloy. Moreover, this phase can
be easily precipitated as a result of high solubility
limit (about 3.35 atomic.pct) [6].

Even though Mg alloys typically exhibit
comparable ductility to other light alloys, the low
temperature formability is severely limited, and a
number of researchers are seeking to develop
alloys and thermomechanical processing schemes
to improve the forming performance. Generally,
formability of HCP metals is less than other cubic
metals due to fewer available slip systems at room
temperature. According to von Mises more than 5
independent slip systems must operate in
polycrystals to deform uniformly and to prevent
failure at the grain boundaries. Magnesium is
close packed hexagonal, and there are no five
independent slip systems. Consequently, it is
necessary that other non-basal slip systems are
activated or deformation occurs by twinning [7].
However, activation of additional slip systems at
increased temperatures allows large elongation
and makes them comparable with other cubic
metals. The deformation mechanisms involve
slip, twinning, grain boundary sliding and
cavitation.

In the recent years, a comprehensive study has
been done on the creep resistance behavior and
age hardening response of as-cast and as-
extruded Mg-Sn based alloys. Yungui Chena et al.
[4] revealed that the Mg-5Sn alloy is the one
exhibiting the best tensile properties at room
temperature among the Mg-xSn (x=1, 3, 5, 7, 10)
alloys. O. Sallary et al. [8] extract the processing
map of the Mg-Sn alloy through hot compression
tests. Based on Do Hyang Kim et al. [9] creep
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resistance remarkably improves with the presence
of Mg,Ca phase. The Mg>Ca phase changed the
fracture behavior from inter-granular to trans-
granular fracture mode. Mg,Ca precipitates show
higher thermal stability against coarsening than
Mg,Sn precipitates. Xiaoping Luo et al. [10]
investigated  high-temperature  deformation
behaviors of the as-cast Mg-Sn-Y-Zr alloy at 250
to 450°C and 0.002 to 2 s strain rates. They
proposed that the apparent activation energy of
the as-cast Mg-Sn-Y-Zr alloy was 223.26 kJ /mol
and the stress exponent was 9.7.

Despite the efforts made to establish the Mg-Sn
alloys behavior, there is still work to be done to
experimentally analyze the hot deformation
behavior of the Mg-4Sn binary alloy. Therefore,
the aim of this research is to investigate hot
deformation characteristics of the Mg-4Sn alloy.

2. MATERIALS AND METHODS

2.1. Casting and homogenizing

The raw materials used for casting were 99.9%
pure magnesium, 99.9% pure tin alloy. Melting
was carried out in an electrical furnace under the
ArgontSFs covering flux to protect the molten
magnesium from oxidation. The melt was held at
700°C for 15 min and mechanically stirred for 3
min before Sn was added to it. Then, melt was
poured into a permanent mold preheated to
200°C. Chemical composition of the cast material
obtained by the inductively coupled plasma (ICP)
method is listed in Table 1. The cast bars had
dimensions of 35 mm diameter and 180 mm
length. The cast alloy was homogenized at 475°C
for 5 h.

2.2. Hot compression test

The compression specimens were machined from
the homogenized bars into cylinders with a length
of 12mm and a diameter of 8mm. Hot
compression tests were conducted using a Zwick
Roell 250 testing machine (Zwick GmbH & Co.
KG, Ulm, Germany), equipped with a fully
computerized furnace. Hot compression was
carried out at temperatures of 300°C, 350°C,

400°C, 450°C and 500°C and strain rates of
0.001 s, 0.01 s' 0.1 s' and 1 s'. The
compression specimens were heated to the
deformation temperature and held for 5 min prior
to compression in order to ensure a uniform
temperature along the specimen and elimination
of any thermally gradient. The specimens were
immediately water quenched after compression to
save the compressed microstructure.

In each test, the load-stoke data were converted
into the true stress-true plastic strain data after
making corrections for friction using the
following equation [11]:

£:(L [/ ilj

where o is the friction corrected flow stress, P the
uncorrected flow stress, a and h are instantaneous
radius and height of the specimen and p is the
friction coefficient which was determined
according to the amount of the barreling for each
specimen [12].

3. RESULTS AND DISCUSSION

3.1. Stress-strain curve

The true stress-true strain curves of compressed
Mg-4Sn alloy at different strain rates and
deformation temperatures are shown in Fig. 1. It
is clear that the flow stress level depends on the
deformation temperature and strain rate. Stress-
strain curves at low temperature and high strain
rate, high Zener-Hollomon parameter, show a
peak stress followed by a continuous decrease in
the flow stress. However, at high temperature and
low strain rate, low Zener- Hollomon parameter,
the flow stress reached steady state at strains
greater than about 0.3. Such a behavior has been
reported by other researchers [13, 14]. It is
interesting to note that in magnesium
polycrystals, prismatic and pyramidal slips are
activated above 225°C and 350°C, respectively
[15]. Variations of the peak stress as a function of
temperature and strain rate are shown in Fig. 2.
Fig. 2 (a) reveals that the peak stress decreases by
increasing of temperature at a given strain rate.

Table 1. Chemical composition of the cast alloy in wt%

Ba

Fe

Mn

K

Na

Sn

Mg

Rest

0.0132

0.0192

0.0239

0.282

1.81

4.271

93.55

0.0307
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Fig. 1. True strain-stress curves of Mg-4Sn alloy at various temperatures and strain rates of (a) 0.001 s!, (b)
0.01s%,(c)0.1s"and (d) 15,
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It has been reported that high temperatures
decrease the required critical resolved shear stress
for activating of basal and non-basal slip systems
(prismatic and pyramidal), and promote
dislocation climb and cross slip [16-19].
However, the slip-twinning transition temperature
for this alloy is around 250°C and the major
contribution of the pyramidal and prismatic slip
systems at high temperatures (>300°C) definitely
suppress the deformation twin formation. Fig 2
(b), shows the increase of peak stress by
increasing of the strain rate at a given
temperature. This can be attributed to the
generation of higher dislocation density caused by
increasing of strain rate and accumulation of
strain. At high strain rate the deformation time is
decreased and dynamic recrystallization (DRX) is
postponed.

It is interesting to note that at strain rate of
0.001 s and temperature range 450°500°C, the
sharp peak in the flow stress curve disappears and
a plateau is observed. The difference between the
peak stress and the minimum stress is most
significant in the temperature range of
300- 400°C. It is well known that at low values of
the Zener-Hollomon parameter, dislocation
mobility at grain boundaries increased as well as
annihilation or rearrangement of dislocation;
thus, nucleation or growth of recrystallized grains
occurred more easily.

3.2. Constitutive models

The primary goal of establishing a constitutive
model is to predict the flow stress and describe the
plastic deformation behavior during the hot
deformation [20]. Phenomenological models are
mostly used to predict the flow stress by
considering the effect of temperature and strain
rate. In this study, different phenomenological
models including Johnson-Cook, Arrhenius-type
and strain compensated are considered.

3.2.1. Johnson-Cook model

The Johnson-Cook (J-C) constitutive model is a
phenomenological model in which the effects of
temperature, strain rate and strain on the flow
stress are considered. The original Johnson-Cook
model is widely used for aluminum and steel, but
there are few available studies on the magnesium
alloys. The J-C constitutive equation can be
represented as [21-27]:

v Er

G:(co+K{;‘")(1+Cln¢&)(1—T*q) 2)

where o is flow stress, € represents strain, & is

dimensionless strain rate and can be shown as
& =& where & is strain rate and & is the

reference strain rate. T* stands for homologous
temperature which can be expressed as
T"=(T-T)/(T,-T,) , where T indicates the

absolute deformation temperature, Tr, is melting
temperature (650°C for Mg-4Sn alloy) and T; is
the reference temperature (T:<T). Moreover, Gy is
the proof stress at the reference strain rate and
reference temperature which is calculated at a
strain value of 0.002 [28]. K is the coefficient of
the strain hardening, n is the strain hardening
exponent, C and q are the material constants
which represent the coefficient of the strain rate
hardening and thermal softening exponent,
respectively.

Determination of n and K: In order to calculate
the material's constants n and K, & and T are

taken as 0.001s' and 300°C, respectively. It is
interesting to note that incorporating reference
condition in Eq. (1) results in a Ludwik type
equation. Fig. 3 shows the relationship between
Ln(c-0,) and Lne at the reference strain rate and
temperature. The slop and intercept of the fitting
line represents the strain hardening exponent (n)
and Ln k values, respectively.
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Fig. 3. Relationship between Ln(c-60) and Lne at
reference strain rate and temperature.

Determination of C: To calculate the C constant,
which is the strain rate hardening coefficient, Eq.
(1) can be simplified by assuming T" equal to
zero (i.e. T=T)):
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The relationship between o/coKE" and Insk at
various range of strain (0.1-0.65) and strain rate
at the reference deformation temperature is shown
in Fig. 4. The average value of C constant has
been calculated as 0.067.

Determination of q: The q constant refers to the
thermal softening exponent. Another assumption,
&= &, has been made to evaluate q. This makes

the second parenthesis in Eq. (2) to be
disappeared:

(5:(00+K¢9")(1—T*°‘)

0.8
C ave = 0.067
0.6 (]
v v
0.4 - f < Strain
— ® 010
1
—~ * 015
> 4 -
Cj\‘a 0.2 > = - v 020
pre o - 0.25
o v « e <
o 0.04 ¢ = . 0.30
E < x - 0.35
- w * 040
-0.2 4 : . a = 045
2 A ® 050
-0.4 - a A 055
4 0.60
4 065
-0.6 T T T T T T
0 2 4 6 8

Ln(strain rate/0.001)

9

Fig. 4. Plot of % *X¢" g, Ing% g reference
condition.

Fig. 5 shows a plot of Ln(1-(c/(c, +K&")) Vs.

LnT" at given strain values of 0.1-0.65. The q
constant value of 0.471 was obtained based on the
average slope of fitted lines.

Stress—strain curves for compromising the
experimental data and predicted flow stress by the
J-C model are shown in Fig. 6. It can be observed
that the J-C model provides reasonable results in
the work hardening region of curves under
various strain rates and temperatures. On the other
hand, at high strain value poor agreement with the
experimental results is observed, and the accuracy
of the model is unacceptable. This contradicted
behavior could be attributed to the intrinsic
features of the J-C model in which any
deformation history consisting of the thermal and
strain rate history is neglected. Moreover, the

effects of strain, strain rate and temperature are
separately considered. There is a significant
dependence of C and q values on strain at each
mentioned condition. Unreasonable flow stress
predictions of the J-C model have been reported
by other researchers [29-33].
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All material constants of equation (2) are
summarized in Table 2. By substituting of these
values, Eq. (2) can be simplified as follows:

035128 & T7573 0.47110583
& = (L4SIS1+ 7103136 %) x (1+0.067221TLn oy (1= (—20) )
(%)
Table 2. Material constants of J-C model
n K C q
0.35 71.03 0.07 0.47

3.2.2.  Arrhenius-type model

The Arrhenius equation is widely used by
researchers for predicting material's behavior at
various strain rates and temperatures, especially
the peak stress prediction. Moreover, the effects
of temperature and strain rate on the deformation
behavior may also be represented by the Zener-
Holloman parameter (Z) in an exponent type
equation [34]. The correlation between the flow
stress, temperature and strain rate can be
represented by the power law, the exponential law
and the hyperbolic sine-type equation in low
stress, high stress and all range of the stress levels,
respectively:
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Fig. 6. Comparison between experiment and predicted flow stress by J-C model at different temperatures and
strain rates of (a) 0.001 s, (b) 0.01 s, (¢) 0.1 s and (d) 1 s™'.
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where Q is activation energy of deformation
(kJ. mol™), R is the universal gas constant (8.314
Jmole™ K™), T is the absolute temperature in K,
& is strain rate (s™') of the process. A, A1, Az, B,
nl, o and n are materials constants, o= 3 /nl.
Power law model: To calculate constants A1 and
nl, the power law equation could be expressed as

follows:
1

| L g4NT
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where nl and Q can be defined as:
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GLnap
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0O = Rnl ] 1
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Considering Eq. (7), the values of nl and A1l is
obtained from the slope and intercept of LnZ vs.
Ln peak stress (Fig. 7) as n1= 8.35 and LnAl=
20.05. The nl constant also could be obtained
from the mean slope values of Ln &vs. Ln peak
stress (Fig. 8), n1= 8.84.
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Activation energy was calculated from the mean
slope values of Ln peak stress vs. 1000/T, shown
in Fig. 9, as Q=263 kJ. mol™". By substituting all
constants (nl, Al, Q) in Eq. (7), the power law
equation for predicting the peak stress of Mg-4Sn
alloy can be represented as follows:

1
1 263000 55
:[510040146€9é%Xp(8314T)}
. . (10)

The correlation between the prediction of power
law equation and the experimental peak stress for
Mg-4Sn alloy is shown in Fig. 10. It can be
observed that at high stress levels the prediction
of the power law model is not reasonable. Frost
and Ashby [35] used the power law for pure
magnesium at 300°C and up to 80 MPa stress, but
they reported that it is quite inaccurate for higher
stress at elevated temperature.
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Exponential Model: By using algebraic
operations, Eq. (6) can be rewritten as follows:
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Considering Eq. (12), the values of B and A2 is
obtained from the slope and intercept of LnZ vs.
peak stress (Fig.11) as B= 0.328 and LnA2=
39.99. The B constant also could be obtained from
the mean slope values of Ln & vs. peak stress plot
(Fig. 12) as = 0.342.
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The activation energy can be calculated from the
mean slope of the peak stress vs. 1000/T (Fig.13)
which is equal to Q= 284 kJ. mol!. The value of
a =B /nl was also calculated as 0.039 MPa™".

By substituting all constants (B, A2, Q) in Eq.
(11), the exponential equation for predicting the
peak stress in Mg-4Sn alloy is:

o - Ln é&:xp(284000) -39.99
7 0.328 8.314T (14)

C T
o 53 o 9§
gsT ‘:‘#}-7

@
o

0.001s"  Slope 4,¢=104.33
0.01s"

0.1s" n
15"

MPa

(4] [«2] ~

o o o

1 1 A 1
mnd>eo

n

'S

o
1

|}

Peak Stress (
s 8 8
1 1 A L
o 4 n
e
o

T T

1.2 14 1.6 1.8

1000/T (K™)
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Fig. 14 shows a poor correlation between the
predicted and the experimental peak stress at high
stresses. Sloof et al. [36] used an exponential law,
but found it was not reasonable for slow strain
rates and temperatures over 300°C.
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Fig. 14. Correlation between the experimental and the
predicted peak stress based on the exponential model.

Hyperbolic sine-type Model: A hyperbolic sine-
type equation has been used [37, 38] for a more
precise approximation of the flow behavior
using the Zener-Hollomon equation and flow
stress.

A hyperbolic law combines an exponential and a
power law to predict the flow behavior at various
range of stress.

Eq. (6) can be rewritten as a function of the Zener-
Hollomon parameter:
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o, = an[(z A+ (2] 4 +1}
a (15)

Then, the material's constants n and Q can be
expressed as follows:

OLns&k
OLn[sinh(ao ) .

or
Z= A[sinh(ao-p )]n = LnZ = LnA+nlLn [sinh(aap)]

h oLnZ 16
| dLn[sinh(ac,)] (16)
0=k 6Ln[sinlll(a0'p)
a(;)
& (17)

Considering Eq. (16), the slope and intercept of
LnZ-Ln[sinh(ao,)] indicates n and A parameters,
respectively, as shown in Fig. 15.

n=5.82
551 Ln A=42.16 u

40

35

<1 S

Ln[Sinh(ao )]

Fig. 15. Variation of LnZ as a function of
Ln[sinh(aop)].

The relationship between Ln[sinh(ac,)] and 1/T
was used for evaluating the activation energy, as
is shown in Fig. 16. The mean value of the
activation energy was calculated as 260 kJ/mol.
The calculated activation energy is greater than
the activation energy for self diffusion in pure
magnesium (135 kJ/mol). It can be attributed to
the presence of Mg>Sn phase in the Mg-Sn alloy
system. It has been shown that Mg,Sn phase
precipitates along the grain boundaries and hinder
the grain boundary migration and grain boundary
sliding.

Following evaluating of all constants, the peak
stress equation can be described using the Zener-
Hollomon parameter as follows:

o, = 0‘(;39 Lzz[(2/2,041065+18)‘ 5“+\/(Z/2,04106E+18)““+1J(18)
260000
7 = &exp(———
p(8.314T)

Concerning Eq. (18), the predicted peak stress at
a given strain rate and temperature can be
calculated. Fig. 17 shows the relationship
between experimental and predicted peak stress
based on the hyperbolic sine-type model. It is
clear that the hyperbolic sine-type model shows a
very good agreement with the experimental
results.
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Fig. 16. Evaluating of activation energy from
Ln[sinh(aocp)] vs. 1/T.
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Fig. 17. The relationship between the experimental
and the predicted peak stress based on the hyperbolic
sine-type model.
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3.2.3. Comparison of phenomenological models
The accuracy of different models was evaluated
based on the root mean square error (RSME) and
the average relative absolute error (AAE). RSME
and AAE are defined as [38]:

N
RMSE = [~ (t~ )’
N&

(19)

N —
A4E =3 |57 21100
N3

ti

(20)
where t; and y; are experimental and calculated
results, respectively. The calculated RSME and
AAE for different models are listed in Table 3. It
can be observed that the hyperbolic sine-type
equation exhibits the least error and the highest
precision in predicting the peak stress.

Table 3. Calculated RMSE and AAE for power law,
exponential and hyperbolic sine-type models

effect of strain on the material constants for the
hot deformation of Mg-4Sn alloy is remarkable,
as is shown in Fig. 18.

Model RMSE (MPa) | AAE (%)
Power law 10.99 30
Exponential 19.57 99
Hyperbolic sine- 1.46 785
type

The capability of different models to predict the
peak stress at temperatures out of the
experimental ranges can be somehow assessed by
RMSE and AAE. Generally, the models with low
RMSE, i.e. hyperbolic sine model can be used for
different temperatures in the range of 300-500°C.
However, for temperatures below the slip-
twinning transition temperature, about 250°C, the
results of the models are less accurate due to the
activation of twin assisted deformation
mechanisms. The mean value of the activation
energies based on the power law, exponential, and
hyperbolic sine-type models were calculated as
263, 284, and 260 klJ/mol, respectively. The
calculated activation energies are greater than the
activation energy for self-diffusion in pure
magnesium (135 kJ/mol). The reported apparent
activation energy for different Mg-Sn alloys are
as follows: Mg-8Sn-1.5Al: 153.5 kJ/mol, Mg-
28n-2Ca: 183 kJ/mol, Mg-5Sn-2Ca: 198 kJ/mol
[39-41]. The calculated activation energy for Mg-
48Sn is higher than Mg-Sn base ternary alloys.

3.2.4. Strain
model

compensated Arrhenius-type

Considering the hyperbolic sine-type model, the

o oF
U
wgsT ‘fﬁ

1.2
(a) a
[ ] ® 4
1.0 Sth order polynominal fit
5th order polynominal fit
0.8+
- 0.6
3
(] 2
0.4 . R'=0.995
¢ o 9 o o o @ ®
0.2+
R'=0.999
- - = = = = = - = =
00 T T T
0.0 0.2 04 0.6
True Strain
320
(b)
" a
3104 @
5th order polynominal fit
]
300
3
§ 290 b
g
C 280
[
270 .
R=0.998
_ [ ]
260 - B e )
T 5 T T
0.0 0.2 0.4 0.6
True Strain
60
© .-
® unA
50 g ) 5th order polynominal fit
b 5th order polynominal fit
® e
® o 0 -0 -0 0 0 ©
404 R'=0.999
<
c
— 30+
(=
20
104 =
-'.IIIIIIIIIw
R'=0.998
0 T T T
0.0 0.2 04 0.6 0.8
True Strain

Fig. 18. Variations of (a) a, B, (b) Q and (c) n, LnA
with true strain for Mg-4Sn alloy.

However, this effect is not considered in the
previous constitutive model. To overcome this
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drawback, material constants (B, a, n, InA and Q)
must be introduced as a function of strain to
increase the accuracy of the model.

Fifth order polynomial equations were introduced
to incorporate the effect of strain on the material
constants at a specific strain range (0.05 - 0.65)
and an interval of 0.05:

B=B,+Be+B,&’ + B’ +B,e* + B’
a=Cy+Ce+C,e" +Cie’ +Cie* +Ci&’
n=D,+De+D, &’ + D’ +D,g* + D&’

LnA=E,+Ec+E&" +E& +E;* +E&’

The polynomial coefficients of Eq. (21) for a, B,
n, InA and Q are listed in Table 4. Using the
material's constants at a given strain, Eq. (15) can
be rewritten as a function of strain, and flow stress
can be calculated at each strain point.

To verify the strain compensated Arrhenius type
model, a comparison between the experimental
and predicted flow stress of Mg-4Sn alloy at
different hot deformation conditions was carried
out, and is shown in Fig. 19. It is clear that unlike
the J-C model, the Arrhenius model fairly well
correlates with the experimental data in both the
work hardening and the softening regions.

O=F +Fec+F& +Fe +Fe' +Fe

21

Table 4. The polynomial coefficients for a, B, n, InA and Q for Mg-4Sn alloy

B a n LnA Q
Bo=1.842 Co=0.074 Do=14.29 Eo=51.30 Fo=301.93
Bi1=-21.00 C1=-0.284 Di=-111.60 Ei=18.58 F1=362.96
B>=116.07 C2=0.809 D2=567.81 E2=-602.06 F=-5151.49
B5=-309.39 Cs=-0.798 D3=-1408.57 E:=2416.64 F5=18783.60
B4=394.84 Cs=-0.158 D4=1712.43 E4=-3748.98 F4=-28164.90
Bs=-192.97 Cs=0.536 Ds=-810.25 Es=2059.07 Fs=15257.34
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The values of AAE and RMSE errors for the
strain compensated Arrhenius type model was
calculated as 5.3% and 1.7 MPa, respectively.
This strongly indicates that the hyperbolic sine-
type model is more accurate than the J-C, power
law and exponential models to predict the hot
deformation behavior of Mg-4Sn alloy.

4. CONCLUSIONS

Hot deformation behavior of Mg-4Sn ally was
studied in the temperature range of 300-500°C
and strain rates of 0.001-0.01 s'. A comparative
study among different constitutive models for
predicting of the peak stress at various
deformation conditions was conducted. The
following conclusions were drawn from the
analysis.

* Stress-strain curves at low temperature and high
strain rate showed a peak stress followed by a
continuous decrease in the flow stress.
However, at high temperature and low strain
rate the flow stress reached a steady state.

* The peak stress predicted by the hyperbolic sine
model reasonably correlated with the
experimental data, RSME= 1.46 and AAE=
2.85.

* The strain-compensated Arrhenius-type
constitutive equation predicted the flow curves
of Mg-4Sn alloy by the minimum and the
maximum errors of RSME= 0.87-2.13 and
AAE=4.07-6.64, respectively.
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