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Abstract

The recrystallization and grain growth activation energies of the hybrid AZ31/Mg-0.6Gd
(wt.%) alloy were calculated using differential scanning calorimetry analyses and scanning
electron microscopy, respectively, after fabricating by high-pressure torsion up to 20 turns and
then subjecting to an isochronal annealing treatment from 423 to 723 K for 1 h. The DSC results
show one exothermic peak belonging to the static recrystallization of the AZ31 region with an
activation energy of 112 + 10 kJ/mol. The grain growth kinetics for the AZ31 and Mg-0.6Gd
regions were described by the Arrhenius equation. The calculation with a grain growth exponent
equal to 4 gave values for the activation energies in both the AZ31 (146.2 + 8.4 kJ/mol) and
Mg-0.6Gd (90.9 £ 13.5 kJ/mol) regions. The present results reveal the heterogeneity of the
thermal stability of the AZ31/Mg-0.6Gd hybrid material.
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1. Introduction

At the present time the use of metal-matrix composites is gradually increasing in various
industries such as transportation and construction owing to their superior properties compared
to the use of single materials [1]. From an economic and environmental point of view,
magnesium (Mg) based composites attract much attention from both the academic and
industrial communities due to their combination of high strength and lightweight structure [2].
Moreover, the biocompatibility and biodegradable characteristics of Mg-based alloys make
them excellent potential candidate materials for use in biological applications such as temporary
implants [3-5].

Severe plastic deformation (SPD) techniques, particularly processing by high-pressure
torsion (HPT), is now considered one of the most effective production routes for fabricating
metal-matrix composites at room temperature (RT) [6]. In the production of bulk ultrafine-
grained materials, the high hydrostatic compressive stress combined with high shear
deformation under HPT processing permit the successful bonding of particles through a solid
state reaction without any sample cracking. For example, dense bulk Mg-Al.Oz and Mg-
hydroxyapatite composites were produced with better mechanical properties and corrosion
resistance than pure Mg by applying HPT processing through 5 turns at a pressure of 6 GPa [7-
9] and the production of dense AZ91-Al>0Os composite bulk discs needed 20 turns of HPT
processing at the same pressure of 6 GPa [10]. By contrast, HPT processing through 50 turns
failed to consolidate an AZ91-bioactive glass composite due to sliding between the particles
and strain localization [8].

Processing by HPT is important also for producing Mg hybrid materials by stacking
different discs together including Al/Mg [11-14], Zn/Mg [15-18] and the AZ31(Mg-3Al-1Zn,
wt.%)/Mg-0.6Gd (wt.%) [19-21] systems. Diffusion bonding induced by HPT processing is
capable of improving the mechanical properties of the hybrid systems by a combination of grain
refinement and the creation of microstructural heterogeneities such as a segregation of alloying
elements at defects, precipitation and the formation of unexpected intermetallic phases at RT
[15, 16, 20].

Despite the numerous reports describing the fabrication of new generations of Mg-based
composites [7-21], neither the deformation and the thermal stability behaviour nor the
corresponding mechanisms controlling the microstructural evolution and mechanical properties
of these composites are fully understood. This is a significant limitation since the
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their mechanical properties in order to meet the requirements for industrial applications.
Accordingly, the present research was initiated to contribute towards this understanding by
determining the activation energies for recrystallization and grain growth in a hybrid AZ31-
Mg-0.6Gd (wt.%) material by fabricating using HPT processing for 20 turns under a pressure
of 6.0 GPa.

2. Experimental material and procedures

AZ31 and Mg-0.6Gd discs of 10 mm diameter and 0.85 mm thickness were processed
together by HPT at RT for a total of 20 turns under an applied pressure of 6.0 GPa using a
rotational speed of 1 rpm and quasi-constrained conditions [22]. The HPT-processed discs were
then exposed to isochronal annealing for 1 h at 423, 523, 623 and 723 K in a radiation furnace.
More details on the AZ31 and Mg-0.6Gd alloys, and specifically the microstructural evolution
and mechanical properties of the hybrid material under HPT processing and annealing
conditions, were given in earlier reports [19-21].

Microstructural observations near the AZ31 and Mg-0.6Gd interface of the annealed
samples were performed using a scanning electron microscope (SEM) Hitachi Su8000, Hitachi
High-Tech corporation, Tokyo, Japan, operating in back-scattered electron (BSE) mode.
Complementary microstructural observations on the AZ31 and Mg-0.6Gd regions of the
annealed samples at 523 and 623 K were performed in bright-field (BF) and high-angle annular
dark field (HAADF) modes using a scanning transmission electron microscope (STEM) Spectra
200, Thermo Fisher Scientific, Massachusetts, U.S., operating at an accelerating voltage of 200
kV. Structural investigations were combined with advanced energy dispersive X-Ray (EDX)
point and mapping analyses. More details on the sample preparations for SEM and STEM
characterization are given elsewhere [20].

The DSC analyses were performed using alumina crucibles in a DSC 404 calorimeter
Netzsch GmbH, Dardilly, France, under an Argon atmosphere and over a temperature range
between 298 and 623 K. The DSC analyses of the processed hybrid material with a mass of
15.5 mg were conducted with constant heating rates of 5, 10 and 15 K/min. For comparison,
DSC scans under a heating rate of 10 K/min were performed for the AZ31 (18.6 mg) and Mg-
0.6Gd (12.6 mg) alloys processed by HPT separately for 20 turns.



3. Experimental results and discussion

3.1.Recrystallization activation energy

Figure 1a shows the DSC curves of the hybrid material at heating rates of 5, 10 and 15
K/min. All curves display one exothermic (heat-releasing) peak (named 1) corresponding to the
recrystallization process and one endothermic (heat-absorbing) peak (named 2) indicating the
dissolution of precipitates. Figure 1b shows the DSC curves at a heating rate of 10 K/min for
the AZ31 and Mg-0.6Gd alloys after HPT processing separately. As can be seen, the DSC curve
of the HPT-processed AZ31 alloy shows the presence of one exothermic peak and a small
endothermic peak is evident in the enlarged curve between 593 and 423 K shown in Figure 1b.
In this case, the exothermic peak is attributed to a static recrystallization process and the
endothermic peak corresponds to the dissolution of the Mgi7Al12 phase. The peak temperature
for the dissolution of this phase is around 639 K which is lower than the usual report of 684 K
for the AZ31 alloy [23]. This reduction in the dissolution temperature is mainly attributed to the
effect of the severe plastic deformation. Indeed, the large numbers of grain boundaries resulting
from the grain refinement and the high density of dislocations and vacancies induced by the
SPD processing strongly disturbs the mobility of the solute atoms and therefore affects the
sequence and precipitation Kinetics [24-26]. By contrast, the DSC curve of the HPT-processed
Mg-0.6Gd alloy in Figure 1b indicates the presence of only one endothermic peak which is
consistent with the dissolution of phases. Based on the equilibrium phase diagram of the Mg-
Gd system, these could be the MgsGd and Mg1.Gd phases [27]. The absence of an exothermic
peak for the Mg-0.6Gd alloy, even if the alloy undergoes HPT processing, is explained since
the grains were already recrystallized during deformation due to the occurrence of extensive
dynamic recrystallization (DRX). Indeed, it was reported earlier that DRX was enhanced in the
Mg-0.6Gd alloy (80%) by comparison with the AZ31 alloy (58%) under HPT processing [19,
28]. It must be mentioned that, unlike the traditional AZ31 alloy, the DRX process is usually
retarded in RE-containing Mg alloys during thermomechanical processing such as extrusion
[29], hot-rolling [30, 31] and plane strain compression [32-34]. It is believed that the RE
elements play a key role by pinning the grain boundary mobility and reducing the stacking fault
energy of the alloy which changes significantly the recovery process [30, 35]. However, the
reversal deformation behavior between AZ31 and Mg-0.6Gd alloys during HPT processing was
related to the manner in which the alloys stored the energy induced by the high strain, the
amount and the distribution of second phases (stable nano-sized Mgi7Al12 and AlsMns phases
vs. the fragmentation of MgsGd phase) and the concentration of alloying elements (3% Al and
1% Zn vs. 0.6% Gd element) [28].



Thus, it is concluded that the exothermic peak shown in the hybrid material in Figure 1a is
essentially due to the recrystallization of the AZ31 region while the endothermic peak is due to
a combined precipitate dissolution of the Mgi7Al12 and MgsGd/Mgi12Gd phases in both the
AZ31 and Mg-0.6Gd regions, respectively. In the following, therefore, only the
recrystallization peak is taken into account and the dissolution of the precipitate phases remains
a subject for future investigation.

Figure 1c presents the recrystallization peak after baseline subtraction of the hybrid material
at heating rates of 5, 10 and 15 K/min. The corresponding values of the maximum temperature
of the recrystallization peak, Ty, increases with increasing heating rate in the sequence of 150,
433 and 440 K at 5, 10 and 15 K/min, respectively. The shifting of the recrystallization peak
towards higher temperatures with increasing heating rate means that the recrystallization
phenomenon is a thermally-activated process. It is important to note that comparable findings
were also reported for deformed Mg-based alloys such as the hot-rolled Mg-1.3La (wt.%) [31],
HPT-processed Mg-1.4Nd (wt.%) [36] and Mg-0.4Dy (wt.%) [37] alloys.

The Boswell-Kissinger method was used to evaluate the activation energy for

recrystallization according to the following equation [38]:

n(z)=c-5 ®
where V is the heating rate, C is a constant, R is the universal gas constant and Ea is the activation
energy for recrystallization. It follows that the value of Ea corresponds to the slope of In(V/Tp)
plotted as a function of 1000/RT, of the recrystallization peak of the hybrid material, as shown
in Figure 1d.
The activation energy for recrystallization of the hybrid material was estimated as 112 + 10
kJ/mol which falls between the activation energy for boundary self-diffusion in Mg (~92
kJ/mol) [39] and the activation energy for lattice self-diffusion in Mg (~135 kJ/mol) [39]. Based
on the reported results, the activation energy for recrystallization in the AZ31 alloy under
conventional deformation such as hot-rolling and cold-drawing is in the range of 69-88 kJ/mol
[40-42]. It is interesting to note the activation energies for recrystallization in these earlier
reports [40-42] were obtained by means of the Johnson-Mehl-Avrami-Kolmogorov model
where isothermal annealing treatments were performed. For example, an activation energy of
85.9 kJ/mol was estimated for the cold-drawn AZ31 alloy at annealing temperatures ranging
from 483 to 573 K and holding times ranging from 30 min to 8 h [40].
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Figure 1: (a) DSC curves of hybrid material measured at heating rates of 5, 10 and 15 K/min,
(b) DSC curves measured at a rate of 10 K/min for separate HPT-processed AZ31 and Mg-
0.6Gd alloys, (c) recrystallization peak with baseline subtraction of the hybrid material at
heating rates of 5, 10 and 15 K/min and (d) determination of the activation energy for

recrystallization of the hybrid material.

It was demonstrated earlier that the presence of nano-sized AlsMns (~10 nm) and Mgi7Al12
(~10-40 nm) phases in the microstructure of the HPT-processed AZ31 alloy inhibited the grain
boundary motion during the annealing treatments leading to a delay for the static
recrystallization process [20]. It is believed that the relative high activation energy obtained for
the static recrystallization process is a consequence of the presence of second phases and is
indicative of the good thermal stability of the hybrid material.

The activation energy for recrystallization in HPT-processed Mg-1.4Ce (wt.%) alloy calculated
by DSC analysis was found to decrease with increasing numbers of HPT turns and the values
range from 87.48 to 72.33 kJ/mol for N = 1/2 and 10 turns, respectively [43]. The decrease in
activation energy was attributed to the increase in stored energy and the number of

recrystallization nucleation sites, such as grain boundaries and dislocations, with increasing



numbers of HPT turns [36, 43]. A similar observation was reported for the hot-rolled Mg-1.3La
(wt.%) alloy, where the activation energy decreased slightly from 112 to 97 kJ/mol after 20 and
50% of thickness reduction, respectively [31].

3.2.Grain growth activation energy

Figure 2 shows SEM images near the AZ31 and Mg-0.6Gd interfaces of the hybrid material
after isochronal annealing for 1 h at 423, 523, 623 and 723 K. The interface between the AZ31
and Mg-0.6Gd regions are identified by dashed yellow lines in each SEM micrograph. The
corresponding mean grain size in the annealed AZ31 and Mg-0.6Gd regions is displayed in
Figure 2e where the linear intercept method was used to determine these mean grain sizes.

In addition, EDS mapping for Al, Zn and Mn elements of selected areas in the AZ31
region annealed at 523 K (Figure 2b) shows the Mgi7Al12, Mg2Zn and AlgMns phases and the
STEM image in the HAADF mode of the selected area in the Mg-0.6Gd region annealed at 623
K shows Mg1.Gd and MgsGd phases (Figure 2c).

The mean grain sizes based on the SEM micrographs of the AZ31 and Mg-06Gd regions
after HPT processing was reported earlier as 0.30 £ 0.03 and 0.34 £ 0.02 um, respectively [19].
As can be seen from Figures 2a and 2e, the grain size of the AZ31 region increased after
annealing at 423 K to ~1.1 + 0.5 um and then decreased after annealing at 523 K to ~0.35 + 0.6
pm because of the precipitation of a large Mgi7Ali2 phase (~ 50-90 nm) and a small (~40 nm)
phase as evident in the EDS map shown in Figure 2b. As mentioned above, the deformation
microstructure of the AZ31 region exhibited already nano-sized AlsMns and Mgi7Al1 particles
[19, 28]. In practice, the presence of these nano-sized particles was the main reason for
restricting the DRX in the HPT-processed AZ31 alloy [19, 28]. Figure 2c and the results
reported previously [20] show that precipitation does not develop in the AZ31 region after
annealing at 623 and 723 K and this leads to grain growth.

In the case of the Mg-0.6Gd region, the grain size increased slowly from ~0.41 + 0.2 to
~0.75 £ 0.2 um after annealing at 423 and 523 K, respectively. Subsequently, the microstructure
exhibits a notable grain growth at higher temperatures. The mean grain size increases
significantly at an annealing temperature of 623 K to ~2.10 £ 0.7 um even with extensive
precipitation of the MgsGd and Mgi1.Gd phases as shown in Figure 2c and the HAADF image
within the red frame. Based on the HAADF image, the MgsGd phase is located along the grain
boundaries while Mg:12Gd particles with an approximately spherical shape and a diameter of

~20 nm are distributed within the grains. This precipitation does not restrict the grain boundary



mobility as observed in the AZ31 region which suggests that the MgsGd and Mgi1.Gd phases
probably precipitated after completing the recrystallization and grain growth processes.

Based on the Mg-Gd phase diagram [27], the MgsGd and Mg:2Gd phases are not
expected to precipitate in an Mg-Gd alloy containing 0.6% of Gd element. Furthermore, the
development of the Mg2Zn phase was never reported in the AZ31 alloy. It was suggested that
the combination of the high strain induced by HPT processing and the formation of the interface
bonding by solid diffusion is the origin of the unexpected precipitations in both the AZ31 and
Mg-0.6Gd regions [20]. Indeed, the fabrication of the hybrid AZ31/Mg-0.6Gd material by HPT
processing allows both the AZ31 and Mg-0.6Gd regions to store high energies in the form of
high dislocation densities, vacancies or grain boundaries which can promote solute diffusion
and provide nucleation sites for precipitate phases. The enhancement of precipitation
phenomena by HPT processing is widely reported in Mg-based alloys [18, 44-47].
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Figure 2: SEM micrographs near the AZ31/Mg-0.6Gd interfaces after annealing for 1 h at (a)
423, (b) 523, (c) 623, and (d) 723 K, (e) evolution of the mean grain size of the AZ31 and Mg-
0.6Gd regions as a function of annealing temperature for the hybrid material. In addition, EDS
mapping for Al, Zn and Mn elements of the selected area in the AZ31 region annealed at 523
K (Figure 2b) shows the Mgi7Al12, Mg2Zn and AlsMns phases and the STEM image in HAADF
mode of the selected area in the Mg-0.6Gd region annealed at 623 K shows the Mg:2Gd and
MgsGd phases (Figure 2c).



The microstructure of the hybrid material became more homogeneous after annealing at
723 K (Figure 2d) where the interface bonding is less visible and the precipitates dissolved in
the Mg-0.6Gd region [20]. The average mean grain of the AZ31 and Mg-0.6Gd regions at 723
K reached values of 3.0 + 0.3 and 5.3 + 0.8 pum, respectively.

The mean grain size of the AZ31 and Mg-0.6Gd regions in the hybrid material can be

used to examine the grain growth kinetics using the following equation [48]:

dods _ Aexp (_ITETQ) (2)

where d is the mean grain size at the annealing time of t = 1 h, do is the initial mean grain size
at t = 0 h corresponding to the deformation condition (taken as 0.30 + 0.03 um for the AZ31
region and 0.34 £ 0.02 um for the Mg-0.6Gd region), n is the grain growth exponent which is
related to the mobility and energy of the grain boundaries [49], A is the grain growth rate
constant and Eg is the activation energy for grain growth that corresponds to the slope of a plot
of in (d™ — d{}) against 1000/RT,.

The grain growth exponent n is determined by analysing the slope of the curve of
In(dd/dt) as a function of In(d) where, for the material without defects, n should be equal to 2.
Unfortunately, an experimental determination of n was not possible for these results because
isothermal annealing was not performed. Based on previous investigations, the grain growth
exponent for various deformed Mg-based alloys is often in the range of 2—4 [40, 50-55] although
some investigations reported much higher values such as n = 8 [42, 56]. The presence of
microstructural heterogeneities including the presence of solute drag, dislocation substructure

and the grain orientation is responsible for the deviation of n from the ideal value [42, 57].
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Figure 3: Evolution of [n (d™ — dg) as a function of 1000/RT, with different grain growth
exponents (n = 2, 4 and 8) for (a) AZ31 and (b) Mg-0.6Gd regions of the hybrid material.
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Hence, the activation energy for the present results was calculated by separately
assuming n =2, 4 and 8. Figure 3 shows the evolution of In (d™ — d{}) as a function of 1000/RT,
with these different grain growth exponents for the AZ31 and Mg-0.6Gd regions of the hybrid
material, respectively. It is evident that the plot of the AZ31 region can be separated into two
stages which may be identified as the low-temperature and high-temperature stages. The
precipitation of the Mgi7Al12 and Mg2Zn phases hindered grain growth in the low-temperature
stage and therefore the activation energy in this stage was not considered since it has no physical
meaning. An AZ31 alloy processed by equal channel angular pressing [58] and HPT-processed
Mg-1.4Nd (wt.%) alloy [59] were also shown to have two distinct ranges of grain growth
activation energy. By contrast, the plot for the Mg-0.6Gd region (Figure 3b) can be well fitted
by a single line and this confirms that the precipitation of the MgsGd and Mg1.Gd phases does
not affect the grain growth process. This result demonstrates that the nature of both the second
phase and the solute element play a key role in controlling the grain growth process in Mg
composite materials.

Table 1 summarizes the values of the activation energy for grain growth with different n
values for the AZ31 and Mg-0.6Gd regions of the hybrid material. Using n = 2 gives values for
the activation energy for both the AZ31 (88.2 + 1.3 kJ/mol) and Mg-0.6Gd (52.7 + 5.1 kJ/mol)
regions that are lower than the activation energy for grain boundary diffusion in pure Mg (~92
kJ/mol). It is reasonable to anticipate that the value of n = 2 underestimates the real activation
energy since, as already noted, n is equal to 2 for materials with no defects. However, the
evolution of the microstructures of both the AZ31 and the Mg-0.6Gd regions shown in Figure
2 and the former reports [19-21, 28] demonstrate that the alloys are far removed from a material

without defects and microstructural heterogeneity.

Table 1. Activation energy for grain growth of hybrid AZ31/Mg-0.6Gd material using different
grain growth exponents (n = 2, 4 and 8).

Eg (kJ/mol) n=2 n=4 n=8

AZ31 region 88.2+1.3 146.2+8.4 272.7+256

Mg-0.6Gd region 52.7+5.1 90.9+135 173.1+30.6

When n = 4, the activation energy in the AZ31 region of 146.2 + 8.4 kJ/mol is close to the
activation energy for lattice self-diffusion in pure Mg (~135 kJ/mol). For the Mg-0.6Gd region,

the activation energy of 90.9 + 13.5 kJ/mol corresponds to the activation energy for grain
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boundary diffusion in pure Mg (~92 kJ/mol). The activation energies when n = 8 are equal to
272.7 £ 25.6 and 173.1 + 30.6 kJ/mol in the AZ31 and Mg-0.6Gd regions, respectively, and
these values are significantly higher than the activation energy for lattice self-diffusion in pure
Mg which suggests that a value of n = 8 overestimates the real activation energy.

Usually, the activation energy for grain growth of the AZ31 alloy is in the range of 92-115
kJ/mol [42, 50, 55] and the high activation energy in the present analysis appears to be associated
with the precipitates (Mgi17Al12 and Mg2Zn) and the segregation of the Zn element at the grain
boundaries [20]. This precipitation was also the origin of the high grain growth activation
energy of ~147 kJ/mol in the temperature range of 523-723 K for an HPT-processed Mg-1.4Nd
(wt.%) alloy [59]. The lower activation energy for the Mg-0.6Gd region is reasonable because
the grain growth process occurred in a microstructure which was already dynamically
recrystallized and contained a low dislocation density [58].

The difference in the recrystallization and grain growth mechanisms found for the AZ31
and Mg-0.6Gd regions confirms the heterogeneous thermal stability of this hybrid AZ31/Mg-
0.6Gd material. Thus, these results provide useful information for tailoring and appropriately
adjusting the processing of new Mg-based composites.

4. Summary and conclusions

The activation energy for recrystallization of the hybrid AZ31/Mg-0.6Gd material
fabricated by HPT processing through 20 turns was calculated using DSC analyses. In addition,
the activation energies for grain growth were estimated using microstructural observations after
isochronal annealing at 423, 523, 623 and 723 K for 1 h. The key conclusions are as follows:

e The exothermic peak in the hybrid material is attributed to the recrystallization of the
AZ31 region. The activation energy of recrystallization was estimated as 112 + 10
kJ/mol which falls between the activation energies for bulk and grain boundary
diffusion.

e The precipitation of Mgi7Ali2 and Mg2Zn phases in the AZ31 region significantly
obstructs the grain growth process in the low-temperature range of 423-523 K. By
contrast, the impact of precipitation of MgsGd and Mg12Gd phases on grain growth of
the Mg-0.6Gd region is less evident due to their development after complete

recrystallization and grain growth.
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e The activation energies for grain growth in the AZ31 and Mg-0.6Gd regions with grain
growth exponent of n = 4 were found equal to 146.2 £ 8.4 and 90.9 = 13.5 kJ/mol,
respectively.
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