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Abstract: The high temperature deformation behavior of an extruded Mg—0.35Y—2.17Nd—0.36Zr (wt.%) alloy was investigated for
biomedical application by employing compression tests in temperature range of 225—525 °C and strain rate range of 0.0003—0.03 s~
To study the significance of solute elements, the material was solution-treated before deformation. The low temperature yield
strength of the as-extruded material significantly decreased after solutionizing process. A drastic change in the strength of
solutionized alloy was recorded as the temperature was raised to 450 °C, which was attributed to the promotion of grain boundary
sliding (GBS). It was evidently shown that the slip-to-twinning transition temperature did not necessarily coincide with the
strength-drop temperature. Based on constitutive equations, deformation parameters and related activation energy for the
experimental alloy have been determined, incorporating the strain-dependent material constants. The verification of predictability of
the developed models indicates a good agreement between experimental and predicted data.
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1 Introduction

In recent years, magnesium alloys containing rare
earth (RE) elements have attracted the interest of
researchers as biodegradable materials for medical
devices. Proper results were reported for their in vitro [1]
and in vivo [2] performance to assess the potential of
using these materials as realistic alternatives for
permanent implants. In addition to potential
cardiovascular applications, magnesium alloys were
addressed to be applied as lightweight, biodegradable,
load-bearing  orthopedic  implants for  possible
substitution of natural tissue [3]. From this class of
materials, Mg—Y—RE—-Zr (WE43) alloy has reached an
industrialization potentials on the basis of desired
corrosion behavior [4] as well as clinical pilot results [5].

To achieve reasonable mechanical properties for the
medical devices, the feedstock material for industrial
manufacturing must be processed through operations
involving high-temperature deformation. Accordingly,
the processing parameters should be compromised to
control the microstructure evolutions, and thereby the
final mechanical properties of the material. It has been

realized that the addition of rare earth (RE) elements can
either lead to randomization of crystallographic
texture [6,7], or constitute high temperature-resistant
precipitates within magnesium matrix [8,9]. For example,
a texture weakening could be achieved by hot extrusion,
multi-pass rolling and plane strain compression in the
presence of RE elements [9,10]. Moreover, by addition
of RE elements, strength of magnesium alloys increases
due to precipitation hardening and solid solution
strengthening mechanisms [11,12].

Knowledge with regard to the deformation behavior
of Mg—RE alloys is complicated by many possible
combinations of deformation mechanisms such as
twinning—slip activities, texture weakening, solute and
precipitation hardening, the contribution of which is
dictated by processing parameters such as temperature
and strain rate. To exploit the benefits of these
magnesium alloys, it is crucial to recognize material
behavior under specified deformation conditions and also
to increase the limited available flow stress data.

Numerous researches could be found in the
literature dealing with the high temperature deformation
behavior of RE containing magnesium alloys. YANG
et al [13] analyzed plastic deformation and dynamic
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recrystallization (DRX) behavior of Mg—5Gd—4Y-
0.5Zn—0.5Zr alloy. They mainly concerned with the
development of flow rule of alloy and a new method to
quantify the progress of DRX in metals using
stress—strain curves. The hot working behavior of
Mg—Gd—Y—Nb—Zr alloy was also recently investigated
using constitutive model, where processing maps were
constructed at different strains for Mg—Gd—Y—Nb—Zr
alloy based on dynamic materials model [14]. Also, a
study on deformation behavior of a cast Mg—7Gd-
5Y—1.2Nd—Zr showed that the flow stress of magnesium
alloy during high temperature deformation can be
represented by a Zener—Hollomon parameter in the
hyperbolic Arrhenius-type equation [15]. Even though
there are more studies in the case of Mg—Gd alloys,
fewer researches focused on the response of Mg—Y
alloys to hot deformation. AZZEDINE and BRADAI [16]
have reported serrated flow during deformation of
Mg—Y—-Nd—Zr (WE54) alloy at 300 and 400 °C, which
was attributed to the strong interaction of Y and Nd with
dislocations. BELADI and BARNETT [17] studied the
effects of aging pre-treatment at 170, 250 and 300 °C on
the compressive deformation of an as-cast WES4 alloy.
They showed that the work hardening behavior of the
material changed with increasing temperature depending
on the pre-aging condition. The compressive flow
behavior of as-cast WE43 magnesium alloy at high
temperatures and strain rates of 0.01, 0.1, 0.5 and 1 s !
was investigated by GAO et al [18], where a heat
activation energy of 297 kJ/mol was determined for
deformation.

Summarizing the reported researches implied that
there are inadequate data available on the deformation
behavior of wrought Mg—Y—Nd—Zr alloys, whereas most
of present investigations have started with alloys
containing different (Mg,RE) second phases [19,20].
Moreover, the individual influence of precipitates or
solute elements on the flow stress behavior of
RE-containing alloys has been insufficiently understood
due to their indistinctive hardening effects on the
material flow. Starting with a solutionized alloy provides
a foundation for the study of flow behavior dominated by
the RE-solute hardening effect. The study of solution-
treated alloy in comparison to the precipitate-containing
alloys assists to shed light on the isolated effect of RE
solute elements on the deformation behavior as well as
microstructural behavior of WE alloy. Accordingly, in
this research, the deformation behavior of a solutionized
wrought (Mg—Y—-Nd-Zr) WE43 alloy has been
experimentally studied using isothermal hot compression
tests in a wide temperature range of 225—525 °C under
different strain rates. The obtained data assisted to derive
constitutive equations relating flow stress, strain rate and
temperature considering a proper compensation of strain.

2 Experimental

An extruded WE43 magnesium alloy (Mg—4.35Y—
2.17Nd—0.36Zr, wt.%) with 60 mm in diameter was
received as the experimental material in this research, the
microstructure of which was presented in Fig. 1. X-ray
diffraction data, shown in Fig. 1(b), confirmed that the
initial microstructure contained Mg,,Ys eutectic phase.
The material was solutionized at 480 °C for 3 h to
dissolve precipitates as well as eutectic phase. The
optical micrograph of the solutionized alloy was depicted
in Fig. 1(c), where the precipitates disappeared. The
mean grain size was measured to be 70 pm.

The cylindrical compression testing specimens were
machined with diameter of 8 mm and height of 12 mm,
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Fig. 1 Optical microstructure (a), X-ray diffraction pattern (b)
of as-received extruded WE43 alloy and optical microstructure
of experimental material in solutionized conditions (c)
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where the compression axis was selected to be parallel to
the prior extrusion direction. The hot compression
experiments were performed using GOTECH A17000
universal testing machine equipped with programmable
resistance furnace. The thin mica plates were used to
reduce the friction effect between the specimens and the
anvils. Prior to the test, the specimens were soaked at the
predetermined deformation temperature for 7 min to
equilibrate the temperature throughout the specimens.
The experiments were conducted in the temperature
range of 225-525 °C with 75 °C intervals under strain
rates of 0.0003, 0.003 and 0.03 s'. As deformation
behavior and related mechanism were reported, in
common magnesium alloys, that the microstructure
started to change around 225-250°C, 225°C is
considered as the lowest working temperature. Moreover,
as the WE alloys are supposed to possess superior high
temperature mechanical properties, a temperature as high
as 525 °C was selected as the maximum temperature.
Each compression test was repeated at least three times
with three different samples. To compare the yield
strengths, the compression tests were also conducted for
the as-extruded material (with no solutionizing treatment)
at 0.0003 s '. The specimens were hot compressed up to
the strain of 0.6 followed by quenching in water right
after straining. The deformed specimens were sectioned
parallel to the compression axis. The samples for SEM
experiments were ground, polished and etched using
acetic picral solution. The EBSD of twin bands was
performed using scanning electron microscope
(FEGeSEM, Zeiss Ultra Plus) coupled with energy
dispersive spectroscope (EDS). X-ray dot maps were
used to analyze the segregation of RE elements. In order
to perform TEM investigation of the deformed material,
slices of the compressed sample was first cut parallel to
the compression direction, and then thinned by grinding
to a sheet with 100 mm in thickness. A disc with 3 mm in
diameter was subsequently punched out from the sheet,
ensuring that the targeted area was located close to the
center of the disc. The TEM thin foils were prepared by a
twin-jet polishing technique. The perforation was done
by a solution of 1% perchloric acid, 99% ethanol at a
polishing temperature of —30 °C.

3 Result and discussion

3.1 Flow stress behavior

True stress—true strain curves obtained from the
compression tests at different temperatures and strain
rates are presented in Fig. 2. As is seen, the flow stress is
initially increased with strain up to a peak stress
(corresponding to ep) and then decreased by a rate that
decays with increasing strain. It is obvious that with
increasing strain rate and decreasing temperature the

250
(a) X 225°C
s 2007 % 300 °C
[T
% 150
£
w 1 L
2 00 375°C
=
S0 450 °C
. , : : : p25 °C
0 01 02 03 04 05 06 07
True strain
250
(b) X 225°C
o 2007 @ 300 °C
=
7 1507 375 °C
=
5 100
= 450 °C
50 T
525 °C
0 01 02 03 04 05 06 07
True strain
250 1(©) 225 °C
§ 200 | /-x 300°C
= ; % 375°C
2150t
&
9 100 |
= 450 °C
50 505190

O 01 02 03 04 05 06 07
True strain
Fig. 2 True stress—true strain behavior of experimental

alloy obtained by hot compression tests at different strain rates:
(a) 0.0003 s7'; (b) 0.003 s7%; () 0.03 57! [20]

flow stresses shift to higher levels, though the strain
hardening and softening rates are varied with
deformation temperature and strain rate. As the
temperature increased and strain rate decreased, lower
hardening rate appeared at low strains so that lower
values for peak strain, peak and steady state stresses
were recorded. The latter observations are commonly
related to thermally-activated recovery process which
itself is governed by atomic diffusion. Thus, higher
temperatures and lower strain rates (longer time for
diffusion) may result in a lower hardening rate. The
authors believe that the observed work softening may be
related to the depletion of alloying element particularly
the Y atoms from the solid solution. Similar explanation
was given for the precipitation-hardened alloy [8]. Solute
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atoms may be drawn toward deformation dislocations as
a result of the interactions of their strain fields, and
eventually concentrate around dislocations. If the solute
atoms have a mutual attraction, the precipitation of a
second crystalline phase may start at dislocations. When
the solute atoms do not combine to form a new phase, an
equilibrium state should develop, where a steady-state
concentration of solute atoms builds up around the
dislocation which is higher than that of the surrounding
lattice. This is the case which was traced during
deformation of the experimental alloys (Fig. 3), where
the segregation of alloying atoms led to the formation of
dislocation networks after deformation to true strain of
0.4 at 400 °C. The segregation of alloying atoms was
observed in the microstructure deformed up to higher
strains, which is typically depicted using SEM—EDS
micrograph in Fig. 4, revealing the areas enriched in Y
and Nd elements after deformation to a strain of 0.4 at
375 °C. Our systematic research aiming to precisely-
study this notion is underway. As is observed, at strain
rate of 0.0003 and 0.003 s ' premature fracture at low
strains occurred at 225 and 300 °C. As the strain rate was
increased to 0.03 s', premature fracture was observed
even at high temperature of 375 °C. The latter can be
explained by higher hardening rate of material at high
strain rate, where the applied deformation rate could not
be accommodated by material hardenability provided by
basal slip as well as limited non-basal slip activities.
However, at higher temperatures, deformation continued
up to the strain of 0.6.

e > pr AN

Fig. 3 TEM micrograph showing dislocation network in
experimental alloy deformed to strain of 0.4 at 400 °C

The yield strength values obtained for solutionized
material at different temperatures, as well as those for the
as-extruded material (without solutionizing) are shown in
Fig. 5. It is apparent that the low temperature (below
400 °C) yield strength of the as-extruded material
significantly decreases after solutionizing heat treatment.
Thus, higher strength of as-extruded alloy may be
rationalized in terms of the dominated activity of basal
slip at low temperatures. Crystal plasticity modeling

Fig. 4 SEM micrograph (a) and EDS dot maps of Y (b) and
Nd (c) elements of experimental alloy deformed to strain of 0.4
at 375 °C and 0.003 s~

results reported by AGNEW et al [21], revealed that the
basal slip mode in Mg—RE alloy may be significantly
strengthened by the presence of second phase particles.
However, solutionized alloy exhibit higher strength as
the temperature raised to 450 and 525 °C. This is a
surprising result, as the WE43 alloy is considered as a
precipitation-hardened material with high temperature
service performance. NIE [22] predicted that the critical
stress for non-basal slips is not strongly altered by the
precipitates. Thus, if one considers the level of
strengthening achieved due to increased solute atoms
in the matrix, the net influence due to solutionizing
of Mgy, Y5 precipitates would be expected to be alloy
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Fig. 5 Variation of yield strength with temperature in different

strain rates of solutionized alloy (present study) and as-forged

alloy of same alloy

strengthening. In support of this speculation, previous
results showed that yttrium and neodymium are very
effective solid solution strengthener in magnesium due to
size and/or modulus misfits between solute and solvent
atoms and also the valency effect [23]. They were found
to give a considerably abnormal higher strengthening
effect than Al and Zn. Present results also validate the
previously reported results that the Mg24Y5 eutectic
particles take a minor role in high temperature strength
of the WE43 alloy [22], where plate-shaped S phase is
considered to be the key strengthening constituent.

The evolution of yield strength data obtained for the
solutionized material at different strain rates (Fig.5)
indicates a low-rate decrease from 225 to 375 °C. The
softening mechanisms based on atomic diffusion could
monotonically reduce the yield strength of the materials
with increasing temperature. However, as the
temperature raised to 450 °C, a drastic change in strength
was recorded. In contrast, for the as-extruded
experimental alloy, the significant decrease in yield
strength is observed at 350 °C, which is in agreement
with previous results, denoting that WE43 alloy
preserves the strength up to 300 °C [24]. It is interesting
to note that the solutionizing treatment of the
experimental alloy resulted in an increase in strength-
drop temperature. Accordingly, a change in deformation
mechanisms is assumed to be responsible for the
strength-drop observed for the solutionized material at
450 °C. As dislocation motion may be restricted by
misfit-stress field of Y and Nd atoms [25], it is likely that
deformation at 450 and 525 °C may be associated with
inhomogeneous plasticity and thereby accelerated
dynamic recovery in the grain boundary regions. In such
circumstances, grain boundary sliding (GBS) may be
involved [26], taking an effective role to rapidly decrease
the yield strength. Consistently, the occurrence of GBS

was reported in Mg—Y—RE alloy in temperature range of
430-475 °C [20]. The higher strength-drop for the
solutionized alloy suggests that solute RE elements may
limit the extent of GBS activity and preserve the strength
more effectively than that the RE-containing precipitates
do in the as-extruded alloy. The RE elements impose
their influence through slowing down the movement of
GB and introducing a strong GB pinning effect, owing to
the GB segregation and their slow diffusivity in Mg [20].
Figure 6 indicates the variation of peak stress versus
I/T, for the three experimental strain rates. As is
observed, the data fitted in two linear behaviors for all
three strain rates. The slop-change, i.e., the drop in peak
stress, appears with increasing temperature to 450 °C.
Some previous researches claimed that the changes in
flow stress of Y/RE-containing magnesium alloys with
ascending temperature (“high temperature behavior”) is
related to the cessation of twinning and transition to slip
dominant deformation [17]. To testify this opinion in the
present work, some compressive tests were interrupted at
strain of 0.2, and the samples were immediately
quenched in water to preserve the developed
microstructure. The microstructural results obtained at
strain rate of 0.003 s ' and different temperatures are
typically given in Fig. 7. It is obvious that twinning
contributed during deformation at 225 and 300 °C, while
it reached to a diminishing degree as the temperature was
raised to 375 °C. Misorientation analysis of the electron
back scattered diffraction (EBSD) results, given in Fig. 8,
determined that the twins are of “extension” type. Thus,
375°C is identified as the transition temperature for
twinning-to-slip dominated flow. Therefore, it is revealed
that the slip-to-twinning transition temperature (375 °C)
does not necessarily coincide with the strength-drop
temperature (450 °C); the former is reflective of the
operation of non-basal slip, while the latter possibly
denotes the temperature at which GBS is promoted,
referring the discussion given in the above paragraph.
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Fig. 6 Variations of peak stress with temperature at different

strain rates
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Fig. 7 Optical microstructures of compression specimens at
strain of 0.2 and different temperatures of 225 °C (a), 300 °C (b)
and 375 °C (c), deformed under constant strain rate of 0.003 s

(twins are typically arrowed)

The twinning-to-slip transition temperature obtained
for the experimental alloy is higher than that reported for
the AZ grades [27]. Similar phenomenon was previously
assessed by BELADI and BARNETT [17] in WE54 alloy,
though no enough explanation was given to justify the
observation. RE elements harden all the slip systems in
magnesium alloys due to their different atomic sizes and
low diffusivity [25]. Once the dragging effect of RE
hinders basal slip in the early stage of deformation, the
non-basal slip and twinning should be activated.
Moreover, as RE elements effectively reduce the
stacking fault energy [28], the cross slip of screw
dislocations from basal to non-basal plane is retarded.
Accordingly, the occurrence of twinning may be
promoted in an extended temperature range, leading to a
higher twinning-to-slip transition temperature. As the
temperature is sufficiently raised, the diffusivity of RE

elements increases and thereby the activation energy for
prevalence of non-basal slip is reached.

100
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Fig. 8 EBSD map of experimental alloy including twins
forming during deformation at 300 °C (a) and misorientation
profile across twin (b) arrowed in (a)

The aforementioned explanations are based on the
RE elements in dissolved state. RE elements in
solutionized Mg—Y—Nd—Zr alloys may harden the basal
slip much more than prismatic slip, stimulating the
material to deform through twinning rather than
non-basal slip [29]. Furthermore, dissolved RE elements
may facilitate twinning through formation of short range
order regions. The higher transition temperature may be
also eminent in the as-extruded alloy -containing
precipitates. The critical stress for twinning is not
strongly altered by the aging treatments [21], while
precipitates in the Mg matrix and GBs can restrict
dislocation and GB mobility (pinning effect) during
deformation [20], thereby a slight increase in the
slip-to-twinning transition temperature maybe expected
even in the precipitate-containing alloys. The latter
effects may rationalize a further increase in transition
temperature in solutionized alloys rather that aged ones.
This elucidation justified the results reported by
BELADI and BARENET [17], and AGNEW and
DUYGULU [30] where a higher transition temperature
was reported under solutionized condition.
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3.2. Constitutive equation

The hyperbolic sine-type equation has been
extensively employed to characterize the relationship
among flow stress (o), temperature (7) and strain rate (€ )
in a broad range of stresses [31,32]:

& =A[sinh(ac)]"exp[~O/(RT)] (1)

where O is the activation energy (J/mol), R is the
universal gas constant (8.314 J-mol '-°C™"), and 4 (s ),
a (MPa™") and 7 are material constants.

The value of o is derived by dividing S by n
(1/n=m). These two material constants, f and n,, are
obtained through taking the logarithm from exponential
law and power law constitutive equation (Egs. (2) and
(3)) and determining the slope values of In o vs Iné and
ovsIné plots, respectively (Fig. 9).

lnazilné—ilnB 2)
n n
1. .1
oc=—Ihé-—InC 3)
B B

where B and C are constants [33]. At 225 and 300 °C, an
almost zero sensitivity was measured. This is consistent
with the high transition temperature of the present alloy
and prevalence of twinning during deformation at 225
and 300 °C. However, this is in contrast to the data
reported for AZ grades; for instance, the strain rate
sensitivity increases from 0.01 to 0.15 between room
temperature and 200 °C for AZ31 alloy [30].
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Fig. 9 Variations of peak stress with strain rate for experimental
alloy according to power law

At temperatures equal and above 375 °C, the value
increases, which represents change in the
deformation mechanism from twinning to slip, as also
illustrated in Fig. 9.

Due to the large difference in the values of n,
between two low temperatures and higher temperatures
in peak strain, the rest of the data modeling and
calculation of the activation energy is done only for data

of m

belonging to three higher temperatures and strain of 0.45.
At this strain, relatively enough time may be provided to
overcome the hardening mechanisms and achieve steady
state stresses for all deformation conditions. Figure 10
displays the evolution of flow stress at strain of 0.45, in
according to both power and exponential
According to Egs. (2) and (3), the mean value of n; and S
are determined to be 3.70 and 0.077, respectively.
Therefore, the value of a is derived to be 0.021 MPa .

laws.
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Fig. 10 Variations of flow stress with strain rate for
experimental alloy at true strain of 0.45 according to power
law (a) and exponential law (b)

The value of »n is determined by taking the
logarithm of both sides of Eq. (1):
Iné O +ln_A

In[sinh(axo)] =—+
[ (@0)] n nRT n

Q)

And at a constant strain rate, the partial differentiating
Eq.(1) gives

dIn[sinh(o@)]

O=Rn— 401

(5)
Thus, the average slopes of the lines by plotting
In[sinh(ao)] versus Ing, in Fig. 11(a), would give the

n-value. The Q parameter also is determined from the
slope of In[sinh(ao)] versus 1/T (Fig. 11(b)), and
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applying the n-value to Eq. (5). The activation energy is
obtained to be 247.78 kJ/mol, approximately for the
given strain. This value is lower than that reported for
as-cast WE43 alloy in compression test and strain rate of
0.01-1 s™' by GAO et al (i.e., 297.15 kJ/mol) [18]. This
discrepancy in Q values may be attributed to the
difference in deformation regime and also the condition
of initial materials. AZZADINE and BRADAI [16]
indicated that the activation energy (Q) depends strongly
on the deformation conditions (temperature and strain
rate). For example, for alloys of Mg—Ce—Zn—Zr and
Mg—Y—-Nd—Zr at constant temperature, by increasing
strain rate of deformation, the values of O determined
increase.

3.0
2.5}
2.0}
1.5} 4
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Fig. 11 Variations of In[sinh(ac)] with Ing (a) and 1/T (b), at
true strain of 0.45 and different temperatures, by assuming
a=0.021 MPa"'

Previous researches have reported, in comparison to
the present data, remarkably lower activation energy at
similar deformation conditions for classic magnesium
alloys. For example, 180.9 and 164 kJ/mol have been
determined for AZ81 and AZ31 magnesium alloy,
respectively. This disparity, at least partly, may be
explained considering low diffusivity of RE elements
compared to Al and Zn in Mg as well as solute dragging
effect of REs with large difference in atomic radius with

magnesium. GUO et al [34] suggested that the stronger
Mg—Y atomic bond compared to Mg—Al may intensify
the latter effects. The high activation energy of
247.78 kJ/mol assessed for higher temperatures, is close
to 230 kJ/mol reported for the creep of a WE43 alloy in
the same temperature regime [35]. An activation energy
of 230-290 kJ/mol was also achieved for binary
Mg—(0.7-3.9)Y alloys crept at temperature between 277
and 377 °C [11].

To find the rate-controlling mechanisms during hot
deformation, the values of QO and »n obtained from
hyperbolic sine power law (Eq. (6)) constitutive
equations may be reconsidered, which relates the
Zener—Hollomen parameter (Z) to flow stress for a wide
range of Z parameter [36]. Using Eq. (6), the correlation
line is plotted in Fig. 12, the slop value of which is
measured to be n=3.109.

. 0 . "
Z = £exp(RTJ = A[sinh(ao)] (6)

The obtained n value is consistent with the GBS as
the rate-controlling mechanism, which suggests the stress
exponent of 3, when the grain size is large. The
occurrence of GBS should be accommodated by the
movement of dislocations through slip within the
adjacent grains [37]. As mentioned above, dragging
effect of REs, makes dislocations slip difficult at the high
experimental temperatures. On other hand, segregation
of RE in GB may lead to more accumulation of
dislocations and stress concentration at triple points and
cause GBS to require higher activation energy [38]. The
latter explanation may also rationalize the high value
obtained for the experimental alloy. Accordingly, the
hardened non-basal slip close to the grain boundaries
which should accommodate the occurrence of GBS may
be considered as the controlling deformation mechanism.
Consistently, SUZUKI et al [11] discussed that the cross
slip of basal dislocation from basal plane to prismatic
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Fig. 12 Hyperbolic sine law analyses by consideration of o 45
and 0=247.78 kJ/mol
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plane of Mg matrix is associated with high activation
energy in RE-containing alloys.

3.3 Compensation of strain

It is usually assumed that the influence of strain on
flow stress behavior at evaluated temperature is
insignificant and thereby would not be considered in
Eq. (1) [39]. However, it has been recently shown in
different studies, that material constants are influenced
by the strain under hot deformation conditions [31].
Hence, compensation of strain should be taken into
account to develop constitutive equation that predicts the
flow stress. In order to incorporate the effect of strain in
the constitutive equation, the values of material constants
were evaluated at various strains (in range of 0.05—0.55)
with an increment of 0.05 (Fig. 13). These values are
polynomial functions of strains. The fifth order
polynomial function is found to represent the strain
effects on the material constants:

n=Ay+ A&+ A& + A&y + A&y + AsEs

o= By + B+ B,&, + By&y + Bye, + Bs&s
0=Cy+Cie+Cye, +Ciey + Cpey + Cs85

In A=D, + D\e+ D,&, + Dy&5 + Dygy + Dsés

O]

The coefficients of the fifth order polynomial
functions are given in Table 1.
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Table 1 Coefficients of polynomial functions for n, a, Q and

In A4

n coefficient

o coefficient

O coefficient

In A coefficient

(@)

0.033

0.027 -

o/MPa’!

0.021 |

0.015
0

True strain

01 02 03 04 05 0

4.4

=32+

261

2.0

True strain

0 01 02 03 04 05 06

Ag=0 B=0.0538  C,=183.02  D,=18.363
A4,=96.1  B=-0599 C=4593.7  D\=821.76
A,=—85337 B,=3.9312  C,=—43809  D,=—7502.3
A=3251.1 By=12.467 C5=169831 Dy=28591
A=56351 B=19255 (C,=-297448  D,=—49578
As=3653.7 Bs=11.569  Cs=194501 Ds=32181

3.4 Verification of constitutive equation

To verify the developed constitutive equation, the
experimental and predicted data were compared (Fig. 13).
The flow stress can be predicted with calculated
material constants at a particular strain, by reordering
Eq. (1) and introducing the Zener—Holomen parameter

(Z=¢€ exp[Q/ (RD)]):

1/n 2/n 172
S (%) J{(%) +1} (8)
o

As is seen in Fig. 14, a good agreement has been
obtained between the experimental and predicted stress
values.
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Fig. 13 Variations of a (a), Q (b), n (c) and In 4 (d) with true strain based on fifth order polynomial-fit for WE43 experimental alloy
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Fig. 14 Comparisons between predicted and measured flow
stress curves of WE43 experimental alloy at different strain
rates: (a) 0.001s "5 (b) 0.01s';(c) 0.1 s

At the end, the predictability of the constitutive
equation is quantified using standard statistical
parameters such as correlation coefficient (R) and
average absolute relative error (AARE, Er). They are
expressed as

i=1
> (E,~E)F~P)
N

Ji(& —E>2§<e - Py
N N

R=

)

Ei _E
E;

N
Eyx =iz x100% (10)
N3

where E is the experimental value and P is the predicted
value from constitutive equation. E and P are the
mean values of £ and P, respectively. N is the total
number of data. The correlation coefficient provides
information about the strength of linear relationship
between the experimental and predicted values (Fig. 15).
The values of R and AARE were found to be 0.988 and
8.47%, respectively, which reflects the excellent
predictability of the proposed constitutive model.
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g + Flow stress data 2
= —Fitting curve
%100 r 4
o *
= R4
g 3
£ 50| .
§ - R=0.988
m AARE=8.47%
0 50 100 150
Predicted stress/MPa

Fig. 15 Correlation between experimental flow stresses and
predicted ones from proposed constitutive equation

Present results pointed out that, comparable to the
Orowan hardening of the precipitates, the RE elements
may provide high temperature strength for the
experimental magnesium alloy even in the dissolved
state. This finding was discussed relying on their effect
on the SFE, basal and non-basal dislocation pinning and
formation of short range order regions. Moreover, a high
temperature strength-drop was realized at 450 °C, which
was related to the operation of GBS. In spite of the
changes in the deformation mechanism, the flow
behavior of the experimental alloy could be convincingly
modeled using strain-compensated constitutive equation.

4 Conclusions

(1) A strength-drop is realized at 450 °C, which is
attributed to the promotion of GBS.

(2) The twinning-to-slip transition temperature of
375 °C was measured for the experimental alloy. It was
concluded that the slip-to-twinning transition
temperature does not necessarily coincide with the
strength-drop temperature.

(3) The higher transition temperature in the RE-
containing alloys was discussed considering different
strengthening effects of RE elements on twinning and
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slip systems.

(4) 1t was suggested that RE elements may further
increase the transition temperature of magnesium alloy in
the dissolved state than in aged condition.

(5) The constitutive equations have been proposed
to correlate deformation parameters. The activation
energy of deformation for the experimental alloy was
determined.

(6) The material constants of constitutive equations
have been found to be dependent on strain in function of
the fifth order polynomial.

(7) The verification of predictability of the
developed models indicates that a good agreement
between experimental and predicted data has been
established.
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