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Hot workability of as-extruded high Gd content Mg-5Gd-0,5Zn-0.5Zr-2.5Nd alloy was
investigated using the hot compression test in a temperature range of 300-500 °C and strain
rates of 0.001-1s. Hot workability assessment was conducted by capturing microstructural
evolution of high temperature deformed samples, and by constructing power dissipation and
instability maps. Using experimental data of hot compression tests, the power dissipation map
of the alloy was constructed, in which a domain of dynamic recrystallization (DRX) occurred
at the temperature range of 350-450 °C and strain rate of 0.001-0.1 s, representing the
optimum hot working window. Furthermore, the processing map of the alloy was constructed,
and flow instability regions were also indicated based on the Ziegler's flow instability criterion.
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1. Introduction

Magnesium is the lightest structural metal and
appears as a hexagonal lattice structure [1]. Mg-alloys
are a popular candidate used to fabricate different
components in automotive and aerospace industries
because of their superior physical and mechanical
properties [2-5]. Considering the low ductility of Mg
alloys at room temperature, the deformation process is
almost performed at elevated temperatures [6].
Deformation at high temperatures improves the
formability of the Mg alloys, and can affect the size,
density, and morphology of the precipitates [7]. The
common method for the shaping of the Mg alloys is hot
extrusion [6].

Alloying elements in Mg-alloys mainly improves the

corrosion resistance and mechanical properties of the
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Mg based components. The Mg-rare earth (RE) systems
have attracted great interest because RE additions can
improve both the formability and the strength of Mg
alloys through the solid solution strengthening and
precipitation hardening mechanisms [8, 9].

Among different alloying elements, Gd is considered
as one of the most effective ones to improve the high
performance of Mg-alloys [10]. This is caused as a result
of the fact that at high temperatures, the solubility of Gd
and Y in Mg increases, significantly (12.47 wt.% at
566°C and 23.89 wt.% at 540°C for Gd ), and the alloy
exhibits less solubility at room and intermediate
temperatures [11]. Kula et al. [12] reported that the Mg-
Gd alloys exhibit superior strength and ductility under
tension and compression, which was one of the
consequences of the more effective solid solution

strengthening and grain-boundary strengthening.
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Moreover, the addition of transition elements such as
Zn and Zr to Mg-alloys could result in developing the
age hardening [13]. Zr, a grain refiner agent, was added
to Mg alloys to achieve a fine-grained microstructure
and improve the mechanical properties [14]. Wang et al.
observed a strong age hardening effect following the T6
heat treatment of the Mg-Gd-Y-Zr alloy [15]. According
to Honma et al. [16], although the addition of Zn to Mg-
Gd-Y-Zr alloy degraded the age-hardening response;
however, long period stacking ordered (LPSQO) phases
were formed at the grain boundaries and within the
grains which improved the maximum tensile elongation.

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
[17-19]. Xiaoping Luo et al. [20] investigated high-
temperature deformation behaviors of the as-cast Mg-
Sn-Y-Zr alloy at 250 to 450°C and 0.002 to 2s strain
rates. They proposed that the apparent activation energy
of the as-cast Mg-Sn-Y-Zr alloy was 223.26 kJ /mol.
Park et al. [21] showed that Mg-8Al-4Sn-2Zn alloys
exhibit greater tensile strength and elongation in
comparison with Mg-8Al-0.5Zn alloys.

Many studies have been conducted to enhance the
mechanical properties of Mg-RE alloys by hot extrusion
and heat treatment [22]. Honma et al. [16] developed a
high-strength and ductile Mg-10Gd-5.7Y-1.6Zn-0.5Zr
(wt.%) alloy prepared by the hot extrusion and
subsequent aging. The alloy exhibited a tensile yield
strength of 473 MPa and elongation of 80%.
Investigation of Jin et al. [23] on Mg-Gd-Y-Zn-Zr
magnesium alloy showed that some eutectic phases in
the cast alloy dissolved into the matrix following the
high temperature extrusion. Heng et al. [24] developed a
super high-strength Mg-Gd-Y-Zn-Mn alloy by using hot
extrusion and strain aging. They suggested that hot
extrusion and strain aging, especially where cold rolling
plus stretching was applied before aging, is an effective
approach for developing high-strength Mg alloys.

As one of the newly developed Mg-Gd alloys, Mg-
Gd-Nd-Zn-Zr exhibits excellent mechanical properties
and biocorrosion resistance [25]. Despite some
researches conducted on the Mg-Gd-Nd-Zn-Zr, a small
number of them have focused on the hot deformation of
the alloys [26]. To achieve the optimum hot deformation
parameters of high Gd content Mg-Gd-Zn-Zr-Nd alloy,
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stress-strain  curves and processing map of the
homogenized and extruded Mg-5Gd-0.5Zn-0.5Zr-2.5Nd
alloy were studied in this work.

2. Experimental Procedure
2.1. Casting and hot working

The ingot of Mg-5Gd-2.5Nd-0.5Zn-0.5Zr alloy was
made by melting Mg-90% Gd, Mg-25%Nd, and Mg-
30%2Zr master alloys, commercially pure Mg (>99.95%),
and Zn (>99.95%). The starting material was melted in
an electrical resistance furnace at 750+3 °C,where a
mixed atmosphere of CO and SFs with the ratio of 99:1
was applied. Following the cooling of the melt to 730+3
°C, it was poured into a steel mold which had been
preheated to 200£3 °C. Chemical composition of the cast
material obtained by the inductively coupled plasma
(ICP) method is listed in Table 1.

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

Gd Zn Zr Nd Mg Rest

5.23 0.56 0.47 2.54 91.17 0.03

The cast ingot was homogenized at 5203 °C for 10
h. The homogenized ingot was machined to bars of 30
mm length and 30 mm diameter. Subsequently, the cast
bars were extruded at 420 °C with an extrusion ratio of
1:6 and a ram speed of 0.1 mm s

2.2. Hot compression test

Extruded bars were machined into cylinders with a
length of 12 mm and a diameter of 8 mm. Hot
compression tests were performed using a Zwick Roell
250 testing machine (Zwick GmbH & Co. KG, Ulm,
Germany), equipped with a fully computerized furnace.
Different temperatures of 300°C, 350°C, 400°C, 450°C
and 500 °C and strain rate ranges of 0.001 s*, 0.01 s,
0.1 s, and 1 s were used. Following heating of the
samples to the deformation temperature, they were held
for 5 min before being compressed for uniform
temperature distribution and to eliminate any thermal
gradient. Samples hot deformed up to the true strain of
0.7 s, and the specimens were immediately water
quenched after compression to save the compressed
microstructure.

The true stress-true strain curves were derived from
the load-stoke data after eliminating the friction effect
according to the following [27]:

2 , 2pa
=) (v -S-1) S

c 4pa
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where P is the uncorrected flow stress, ¢ is the corrected
flow stress, h and a are instantaneous height and radius
of the sample. p is the friction coefficient that was
calculated based on the barreling of each specimen [28].

2.3. Microstructure characterization

Samples for optical microscopy were mechanically
polished by emery paper grade of 100 to 3000 followed
by a diamond paste of 0.1, 0.5, and 0.25 um, and then
etched with a solution of 5ml acetic acid, 0.6 mg picric
acids, 10 ml ethanol, and 10 ml DW.

Microstructures of the samples were characterized
using a MF-AKS Zeiss optical microscope (OM), and
ESEM Quanta 200 scanning electron microscope
equipped with an energy dispersive spectrometer (EDS)
system. The grain size was computed by using IMAGE
J software, and based on the Hein's cross-sectional
method, as per ASTME112 standards.

3. Results and Discussion
3.1. Stress-strain curve

Figure 1 shows the stress-strain curves of Mg-5Gd-
0,5Zn-0.5Zr-2.5Nd alloy at 300°C, 350°C, 400°C, 450
°C, 500°C, and strain rates of 0.001, 0.01, 0.1, and 1 s%.
It can be observed that flow stress was mainly increased
by strain rate and decreased by temperature. A single
peak flow curve is generally observed in which the flow
stress generally increased due to the strain hardening
until it reached a maximum value, followed by a
dynamic softening, and finally attained the steady-state
stress. The steady-state condition is established by a
dynamic balance between strain hardening and strain
softening. However, at 300 °C no steady-state condition
was established as a consequence of limited workability
and early fracture of the specimens. The observed
dynamic softening, i.e., the single peak behavior can be
ascribed to the dynamic recrystallization (DRX). The
observed flow behavior is consistent with other
investigations on Mg alloys [29-31].

It is interesting to note that the hot compression test
specimen failed at 350 °C-1s deformation condition. A
similar failure of Mg-9Gd-4Y-0.6Zr and homogenized
Mg-6.85Gd-4.52Y-1.15Nd-0.55Zr alloy was reported
for deformation at 350°C- 0.1,1s™ and 350°C-0.5, 557,
respectively [30, 31]. At low temperatures and high
strain rates, the deformation mechanism changed from
dislocation slip to twinning, cracks spread and ductility
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decreased resulting in failure of the compression
specimens [32].

Results  obtained indicate that increasing
temperatures and decreasing strain rates can accelerate
the DRX kinetics. This is because higher temperatures
result in faster diffusion, and smaller strain rates result
in more time for nucleation and growth of recrystallized
grains. Consequently, the strain hardening effect is
decreased by increasing temperature and decreasing
strain rate [33].
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Fig. 1. True stress-strain curves for different temperatures and
strain rates, (a) 300 °C, (b) 350 °C, (c) 400 °C, (d) 450 °C,
and (e) 500 °C.
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Fig. 2. Microstructure of samples hot deformed at strain rate of 1s'* and (a) 300°C, (b) 350°C, (c) 400 °C, (d) 450°C, and (e) 500 °C.
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3.2. Grain size of hot deformed samples

Workability of hot deformed metals are highly
dependent on the grain size and grain morphology. The
microstructure of the specimen deformed at different
temperatures and strain rates are almost equiaxed DRX
grains. Fig. 2 shows the optical micrographs of samples
deformed at 1s? and different temperatures, in which
typical DRX equiaxed grains are clearly observed.
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It is generally accepted that DRX gain size is highly
dependent on the processing parameters, namely the
Zener-Hollomon parameter [34]. The variation of DRX
grain size with the Zener-Hollomon parameter for Mg-
5Gd-2.5Nd-0.5Zn-0.5Zr alloy are shown in Fig. 3. The
observed linear In(D)-In(Z) relationship can be
expressed as D = AZ P, where, D is the grain size, and
Z is the Zener-Hollomon parameter. The investigation
by Barezban et al. [35] on the effect of Gd content on the
pure Mg showed that the DRX grain size is dependent
on Z, and decreases by the Gd content. Furthermore, the
p value was constant and independent of the Gd, and A
was dependent on the Gd percentage. In the present
study, the mean values of p and A are 0.06 and 5%,
respectively.
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Fig. 3. DRX grain size dependence on the Z parameter.

The effect of deformation temperature and strain rate
on the DRX grain size can be attributed to the dislocation
density, dislocation mobility, and dislocation
rearrangement. Increasing strain rate results in
decreasing dislocation density and shorter time for
dislocation rearrangement and sub-boundary movement
which results in fine grain size. Furthermore, dislocation
mobility increases with temperature and results in grain
growth rate, and rough grain size. Besides, fine
precipitates at the grain boundary, pins and render grain
boundary movement, clearly shown in Fig. 2. Ebrahimi
et al. [36] reported similar results on the precipitate
pinning effect on the DRX grain boundary of AZ91
magnesium alloy, and the dominant effect of
temperature on the grain size which is in accordance
with the results of the present analysis.
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3.3. Hot workability at low temperatures

Flow instabilities during the hot working occurred as
a result of flow localization, kink and shear bands, flow
rotations, mechanical twining, and dynamic strain aging
[37]. If hard particles are present in a soft matrix,
deformation causes the interface to crack and de-bond.
The second common flow instability manifestation in the
microstructure is flow localization. This is less intense
than adiabatic shear band formation. Flow localization
may also occur as a result of high strain rates [38].

Samples following deformation at different
temperatures and strain rates are shown in Fig. 4, in
which specimens deformed at 300 °C and different strain
rates failed following imposing strain. Investigations on
Mg-3.5Gd-1Zn-0.6Zr and Mg-6.5Gd-1.3Nd-0.7Y-
0.3Zn alloys designated that deformation twins observed
at 350 °C and lower temperatures [39, 40].

Non basal slip systems in Mg alloys are activated by
increasing the deformation temperature and decreasing
the strain rate. Prismatic and pyramidal slip systems in
Mg alloys are activated above 200 °C and 300 °C,
respectively [41]. It can be concluded that non-basal slip
systems in Mg-5Gd-0.5Zn-0.5Zr-2.5Nd alloy are
activated above 300 °C and enhance cross slipping and
ductility. However, the observed low ductility in 300 °C
is a result of few active slip systems, i.e. basal slip, at the
imposed deformation temperature.

3.4. Construction of processing map

According to the dynamic material model, the work-
piece under hot deformation conditions is assumed as a
power dissipater. The system input energy (P) can be
divided into two portions: G content and J co-content
[42]. The total power is described as follows:

P=G+]=[ odé + [ édo )

G is the dissipative energy of the material plastic
deformation, most of which is converted into
viscoplastic heat; the little remaining power is stored as
lattice defects. J dissipater co-content represents the
power dissipation by metallurgical mechanisms such as
DRV, DRX, internal fracture (void formation or wedge
cracking), superplastic flow, precipitation under
dynamic conditions, and deformation-induced phase
transformation.
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Fig. 4. Samples hot compressed at different temperatures and strain rates.

The power dissipated through microstructural
processes is shown by a parameter called the efficiency
of the power dissipation (n) [43], which is a
dimensionless function of the strain rate sensitivity (m):

o& &

——t], odé
m+D); . e
¢ )gmm tn

2|1 - .
n= 7€ 3)

2m }
m+1

The first equation can be considered for any stress
and strain rate curves especially in the case of
complicated alloy systems [44], but the latter equation is
just used for alloys that have the power law behavior
[45]. However, for materials in which the flow behavior
does not obey the power law, Murty et al. [46] introduce
a new efficiency of power dissipation as follows:

IIMF, Iranian Journal of Materials Forming, Volume 8, Number 2

2] G
o2 of1)
P P )

The power dissipation map is displayed by plotting
iso-efficiency contours of 1. The constructed power
dissipation map for Mg-5Gd-2.5Nd-0.5Zn-0.5Zr alloy
which is determined based on Eqg. (4) is shown in Fig. 5.
Three domains in the safe area with the peak efficiency
of about 90%, 40%, and 30%, occur in the temperature
and strain rate ranges of 300-350 °C/10%-1s (domain
A), 350-400 °C /108-103s (domain B), and 350-500 °C
102-1 st (domain C), respectively. Typical efficiency
for DRX in high stacking fault energy alloy is about
50%, and 30-40% for low stacking fault energy materials
like Mg alloys. High efficiency of 60% is ascribed to the
phenomenon such as cracking which is observed in the
present study for samples deformed at 300 °C and
different strain rates with the efficiency of 60-90%.
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Fig. 5. The power dissipation map of Mg-5Gd-2.5Nd-0.5Zn-
0.5Zr alloy, where contour numbers represent the percent
efficiency of power dissipation; domain A: area under contour
number 60 and vertical axes, domain B: area under contour
number 40 and horizontal axes, domain C: area under contour
number 30 and horizontal axes.

The representative microstructure in domains B and
C (Figs. 6 and 7) reveals almost completely
recrystallized structure with equiaxed DRX grains.
Domain A with efficiency higher than 50% is an
unstable region in which deformed samples were
cracked. The microstructure corresponding to domain A
(Figs. 8 and 9) indicates recrystallized structure, twins,
and deformation bands, typically shown in Fig. 8.
Furthermore, there are other contours in the temperature
range 350-500 °C and strain rate range 0.01-1 s with
efficiency values between 15 and 20% which do not fall
into the specific domains. These contours indicate a
transient behavior where no stable microstructural
mechanism occurs. However, because of the low
efficiency (15-20%) and temperature (350-425 °C)
inside the region, DRV is one of the active
microstructural mechanisms.
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Fig. 8. Microstructure of sample deformed at 300 °C-1s%,
where twins and flow localization regions are indicated by red
and blue arrows, respectively.
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formed at 350 °C-0.1s
where twins and flow localization regions are indicated by red
and blue arrows, respectively.

A continuum criterion for the occurrence of flow
instability is obtained by utilizing the extremism
principles of irreversible thermodynamic to identify the
regimes of flow instabilities [47], and given by:

d In[m/(m + 1)] )

E(e)=T+m<0

The variation of instability parameter &(¢) was
counted according to Eq.(5) as a function of strain rate
and deformation temperature, and used to establish the
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instability map. The flow instabilities in hot deformation
occur in regimes with negative values of &(€). The
instability map is superimposed on the power dissipation
map to establish a processing map, which exhibits both
the flow instabilities’ regimes and domains representing
various microstructural mechanisms. The constructed
instability and power dissipation maps for Mg-5Gd-
2.5Nd-0.5Zn-0.5Zr alloy at the strain of 0.3 are shown in
Fig. 10.

As can be observed in Fig. 10, the flow instability
region consists of the region of high strain rates. The flow
instability occurred at strain rates greater than 0.03 s and
in the temperature range of 300-500 °C. As it was
mentioned in section 3.3. samples deformed at 300 °C
and different strain rates, and 350 °C -1 s~ failed by
cracking following the imposed strain. Considering
fracture surface, and microstructures of Mg-5Gd-2.5Nd-
0.5Zn-0.5Zr alloy, i.e. Figs. 4, 8 and 9, typical
manifestations of the flow instability for the alloy are
flow localization bands, cracking, mechanical twinning,
and flow rotations.

While DRV, DRX, and superplastic deformation are
usually considered as “safe” mechanisms, the efficiency of
power dissipation changes with these microstructural
processes. Moreover, the dissolution or growth of
secondary phases, deformation-induced phase
transformation and precipitation under dynamic conditions
can affect the efficiency of power dissipation [48].
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Fig. 10. The processing map of Mg-5Gd-2.5Nd-0.5Zn-0.5Zr
alloy, where above the dash line is the flow instability region
(£<0), and below the dash line represents the stable flow region

(&0).
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4. Conclusions

The hot workability of Mg-5Gd-0,5Zn-0.5Zr-2.5Nd
alloy was studied at temperature ranges of 300 °C to 500 °C
and strain rate ranges of 0.001-1s%. The following facts can
be drawn from the analysis.

-True stress-strain curves at low temperature and
strain rates range of 0.001-1s?, show peak stress
followed by a continuous decrease in the flow stress.
However, at high temperatures and low strain rate, the
flow stress reached a steady state.

- The hot deformation of samples at 300 °C, and 350 °C-
1s? failed as a consequence of the initiation and growth of
cracks which can be ascribed to the restricted slip
deformation at the imposed conditions.

-Dynamic recrystallized grain size was mainly
controlled by the RE constituents, temperature and strain
rate in which temperature was more effective than strain
rate.

-The constructed power dissipation map for Mg-
5Gd-0,5Zn-0.5Zr-2.5Nd alloy shows three domains with
the peak efficiency of about 90%, 40%, and 30%,
namely A, B and C; which occur in the temperature and
strain rate ranges of 300- 350°C/10°-1s1 (A), 350- 400 °C
/10%-103s(B), and 350- 500°C/102-1 5% (C), respectively.
The representative microstructure in domain B and C
reveals almost completely recrystallized structures with
equiaxed DRX grains and that corresponds to the
domain A indicates twins and shear bands.
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