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a b s t r a c t

The microstructure and microtexture of an extruded and annealed GWZ (Mg-8.2Gd-3.6Y-

1.6Zn-0.5Zr, wt.%) magnesium alloy was recorded strain by strain in the course of ther-

momechanical processing. The specimens were compressed down to various interruption

strains of 0.1, 0.3, and 0.5 under the strain rate of 0.001 s�1 at 400 �C, the temperature at

which the material was capable to be recrystallized extensively. Appreciable refinement

was recognized even at low imposed compressive strain of 0.1, and the recrystallization

process was completed at true strain 0.3 where the mean grain size of 4.3 mm was attained.

The LPSO stimulated nucleation (LSN) and conventional continuous dynamic recrystalli-

zation (CDRX) mechanism were contributed in grain refinement. Consequently, the initial

basal texture was considerably weakened which was mainly ascribed to the formation of

RE-texture components. At higher imposed strain of 0.5, the majority of grains were found

in deformed states, the capability of strain softening was decreased and the microtexture

only changed in respect of intensity compared with true strain of 0.3. These indicated that

the imposed strain was mainly accommodated through dislocation multiplication and

tangling within the previously recrystallized grains. Complementary, the slip/twin activity,

and the sequence of strain accommodation was investigated through Schmid analysis of

the various systems.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnesium alloys have been frequently introduced as a

suitable candidate for lightweight components in automotive,

electronics and space industries, owing to their low density,

high specific strength, high damping capacity, and appro-

priate castability [1]. The main drawback is the low room-

temperature formability due to limited activation of
Fig. 1 e (a)SEM images and (b) EDS result of the LPSO phase of i

treatment at 400 �C for 24 h. (c) Inverse pole figure (IPF) map of t

pol figures of the of the matrix of the initial microstructure. (e) Th

hardening rate vs. strain curve which have been obtained throug

0.001 s¡1.
secondary slip systems [2]. According to the numerous efforts

which have been made to improve the formability of magne-

sium alloys, besides the thermomechanical processing, addi-

tion of the rare earth elements in to the chemical composition

has been considered as promising method. Such alloying

strategy has been led to a considerable improvement in spe-

cific strength, creep resistance [3], and thermal stability [3e5].

In this respect, many attempts have been devoted to assess

the deformation behavior of MgeRE alloys [6e8], where the
nitial microstructure which has been subjected to solution

he initial microstructure, (d) The (0001), (10 1 0), and (11 2 0)

e true stressestrain curves and (f) the corresponding strain

h hot compression testing at 400 �C under the strain rate of
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Fig. 2 e (a) The Inverse pole figure (IPF) map, (b) kernel average misorientation (KAM) map, and (c) pol figures of the

microstructure which has been deformed at 400 �C, under the strain rate of 0.001 s¡1, and true strain of 0.1.
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addition of Zn element, has been led to the formation of new

emerging Long-Period Stacking Ordered (LPSO) phases and

strongly influenced the room and high temperature me-

chanical properties of the alloy.

The LPSO phases have been characterized in 10H, 14H,

12R, 18R, and 24R stacking orders. The 14H and 18R, as the

most commonly observed types, have been formed at the

grain interior in lamellar shape [9] and at the grain boundary

in blocky appearance [10], respectively. In the course of

thermomechanical processing, the mechanical fragmenta-

tion or dynamic precipitation of LPSO phase may signifi-

cantly influence the deformation behavior of the material

[11,12]. In addition, the presence of coarse blocky LPSO

phase may contribute in the formation of fine recrystallized

grains through particle stimulated nucleation (PSN) mech-

anism [13,14]. Dislocation pile-ups and strain accumulation

between the lamellas of lamellar LPSO cause kinking and
may eventually followed by continuous dynamic recrystal-

lization [14]. These substantial evolution owing to the

presence of LPSO phase not only influences the capability of

grain refinement, but also results in the texture weakening/

hardening owing to the formation of new components [13].

These are directly strain dependent, and is closely corre-

lated with the activity of basal, prismatic, and pyramidal

slip systems and {10e12} extension twinning through the

microstructure [15]. Despite these valuable efforts on

unveiling the microstructural evolution and the corre-

sponding mechanical properties of GWZ magnesium alloy

as a response to thermomechanical processing, the detailed

microstructural and textural evolution at different stages of

deformation and their exact relation to the mechanical

properties have not been addressed before. Accordingly, in

the present study, the dynamic recrystallization behavior

and microtextural evolution of the Mg-Gd-Y-Zn-Zr alloy has

https://doi.org/10.1016/j.jmrt.2022.02.120
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Fig. 3 e (a) The Inverse pole figure (IPF) map, (b) IPF map of grain with (0001) and (2-1-10) orientation with misorientation

line, (c) the correspond misorientation angle grains, and (d) pol figures of the hot deformed microstructure at 400 �C, the
strain rate of 0.001 s¡1, and true strain of 0.3.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 1 8 : 5 9 1e5 9 8594
been studied step by step at various interrupted strains with

emphasizing on the role of LPSO phase. In this respect,

Schmid analysis has been also performed to assess the slip/

twin activity in the course of straining. The correlation of

the microstructure/microtexture and hardening behavior

has been also established. To the best authors’ knowledge

this concept has been mainly overlooked in previous re-

searches and the obtained results may be effectively

employed to adjust the high temperature processing

schedules of rare earth bearing magnesium alloys.
2. Experimental procedures

The experimented material, GWZ magnesium alloy with the

chemical composition of Mg-8.2Gd-3.6Y-1.6Zn-0.5Zr (wt.%),

was received in as extruded condition and then subjected to

the solution treatment at 400 �C for 24 h to achieve a ho-

mogenized structure holding equiaxed grains. The hot-

compression specimens were cut in the cylindrical form by

the size of 8 mm � 12 mm using wire electro discharge
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Fig. 4 e (a) The Inverse pole figure (IPF) map, (b) Kernel average misorientation (KAM) map, (c) the 3 step sequence of

fragmentation grains: step (1) the grains with low density of dislocation, step (2) the rearrangement of dislocation, and step

(3) fine and fresh grains, and (d) pol figures of the hot deformation at 400 �C and the strain rate of 0.001 s¡1 and true strain

0.5.
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machine according to the ASTM E209 standard [16]. The hot-

compression tests were performed at the temperature of

400 �C under the strain rate of 0.001s�1 using a universal

testing machine (GOTECH AI-7000) coupled with a program-

mable resistance furnace. The specimens were first pre-

heated for 5 min, then were compressed down to various

interruption strains of 0.1, 0.3, and 0.5, and finally water

quenched to stabilize the hot deformed microstructure.

For the detailed microstructural analysis, the hot-

deformed microstructures were sectioned along the

compression direction and the corresponding cross-sections

were prepared for optical microscopy (OM, ML-7100 Micro-

scope), scanning electron microscopy (SEM, Philips XL30

ESEM), and electron backscattered diffraction (EBSD, Zeiss

Ultra Plus) analysis. Moreover, the energy dispersion spec-

troscopy (EDS) analysis was performed to reveal qualitative

chemical composition of the present phases.
3. Results and discussion

A detailed examination of the solution-treatedmicrostructure

Fig. 1a show the initial microstructure of the solution-treated

microstructure by SEM and show the atomic percent of Re-
rich and Fig. 1b shows the blocky LPSO phases (Mg12GdYZn)

that is grey contrast in the SEM image and EBSD analysis with

the aid of inverse pole figure (IPF) map (Fig. 1c) reveals an

equiaxed matrix of Mg grains with the average grain size of

9.4 mm, which were separated by elongated LPSO phases (dark

areas). Owing to the negligible confidence index (CI) of these

phases, which ascribed to the lack of their phase parameters,

led to the EBSD technique disability to recognize these phases

[17]. Figure 1d demonstrates the corresponding micro-texture

of the Mg matrix of the initial microstructure using pole fig-

ures of (0001), (10 1 0), and (11 2 0) planes, where the extrusion

direction (ED) and transverse direction (TD) are clearly

depicted (which will be then parallel and perpendicular to the

loading direction, respectively). The pol figures have shown

conventional pattern of the extrusion texture [18]. The texture

of the c-axis with intensity of 4.97 is entirely perpendicular to

the selected direction for hot compression.

Figure 1e shows the true stressestrain curves and Fig. 1f

indicates the correspondingwork hardening rate (ds/dε) curve

of the hot compressed specimen. The hardening rate vs. strain

curve can be divided into three stages: at first the work

hardening rate is decreased sharply, then the work hardening

trends to slow down, and finally the hardening rate increases

gradually. The interrupted microstructures have been

https://doi.org/10.1016/j.jmrt.2022.02.120
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Fig. 5 e The variations in average Schmid Factors (SFs) for basal slip, prismatic slip, pyramidal slip and {10e12} extension

twinning within the microstructure which have been deformed down to the strains of 0, 0.1, 0.3 and 0.5.
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investigated in details to justify the deformations behavior at

each stage of deformation. In this respect, the IPF of the

microstructure which has been deformed down to the strain

of 0.1 is depicted in Fig. 2a.

The microstructure has been considerably refined where

the coarse grains (9e14 mm) have been surrounded by fine

grains (3 ± 0.2 mm) and a bimodal microstructure has been

developed. There are also two types of fine and fresh (strain

free) grains through the microstructure, the grains just near

the block LPSOs, and the grains which have been formed

within the coarse grains (marked with red arrows in the KAM

images, Fig. 2b). In fact, such coarse and elongated LPSO phase

act as effective barrier against dislocation movement and the

resultant pile ups at the a-Mg- blocky LPSO interfaces provide

a proper condition for the occurrence of dynamic recrystalli-

zation through particle stimulated nucleation (PSN) mecha-

nisms [14]. The second type of fine grains has been formed

through conventional continuous dynamic recrystallization

(CDRX) mechanism. By increasing the imposed strain at such

high temperature regime, the dislocation tangles within the

coarse grains are rearranged to form the low angle boundaries

[19]. Formation of sub-boundaries and the progress of sub-

structure development can be clearly tranced within the

coarse grains (in Fig. 2a, b) which are ready to be recrystallized

at higher imposed strains. The state of the deformed grains

and recrystallized grains has been clearly differentiated in

KAM map (follow the white and red arrows). The continuous

recrystallization will be completed through (i) the subgrain

rotation and coalescence or (ii) through the abortion of the

moving dislocation to the sub-boundaries and formation of

high angle boundaries. Owing to the occurrence of dynamic

recrystallization and high contribution of the LPSO phase in

recrystallization, the initial basal texture has been
considerably weakened. This is attributed to the formation of

RE-texture components which is clearly visible in pole (0001)

in Fig. 2c.

The microstructure investigation has been performed at

the start, finish and inflection points of the hardening rate vs.

strain curve, i.e. true strains of 0, 0.1, 0.3, and 0.5. The

deformed microstructure at the interrupted strain of 0.3 is

given in Fig. 3 (a). The recrystallization process has been

completed and the mean grain size has been decreased to

4.3 mm. This microstructure belongs to the point at which the

minimum hardening rate has been obtained (Fig. 1d).

Interestingly, after recrystallization completion the twin

bands have been also characterized in some grains which

have been previously rotated toward the preferred orientation

for deformation twinning. These specified grains which are

mainly located at the vicinity of blocky LPSO phases possess

(0001) and (2-1-10) orientation, have been separately indicated

in Fig. 3b. Investigation of the point to point and point to origin

misorientation profiles (Fig. 3c) clearly verifies the twinning

relationship of the observed bands with the parent matrix

where the 86.3� misorientation angle well indicate the for-

mation of the extension twins. Rotation of the axis of the C-

crystals towards the axis of compression loading, also well

verify the occurrence of deformation twinning in the course of

deformation (Fig. 3d).

The microstructure of the specimen which has been

deformed down to the strain of 0.5 is depicted in Fig. 4a. The

mean grain size was measured around 3.8 mm which indicate

minor decrease comparing to that obtained at true strain

of 0.3. This confirms that the capability of the materials for

strain softening through dynamic recrystallization decreases

beyond the true strain of 0.3 and the material starts to

experience hardening by further straining (Fig. 1d). Some of

https://doi.org/10.1016/j.jmrt.2022.02.120
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Table 1 e Schmid factor of different slip systems of the hot deformed microstructure at 400 �C and the strain rate of 0.001
s¡1.

Basal slip Prismatic slip Pyramidal <a> slip Pyramidal <aþc > 1slip Pyramidal <aþc > 2slip {10e12} twinning

Initial 0.31 0.3 0.37 0.44 0.4 0.35

0.1 0.31 0.31 0.38 0.44 0.4 0.34

0.3 0.27 0.27 0.34 0.45 0.41 0.38

0.5 0.35 0.37 0.42 0.44 0.41 0.36
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the specified grains with preferred orientation for the activity

of secondary slip systems (holding (2-1-10) and (10-10) ori-

entations) have been separately analyzed in Fig. 4c. Obvi-

ously, the substructure development has not been

considerably progressed. The corresponding KAM map in

Fig. 4b verifies that the majority of grains are in deformed

states (compare grains 1, 2 and 3 in Fig. 4c and b) and the

fraction of strain free grains has been considerably

decreased. Figure 4d also indicates that the texture has not

been changed at strain of 0.5 compared with strain of 0.3 and

the texture intensity has been increased. These well

emphasize that the imposed strain is mainly accommodated

through dislocation multiplication and tangling within the

previously recrystallized grains.

In order to assess the slip/twin activity, and the sequence

of strain accommodation the average Schmid factors of the

various systems has been calculated and plotted vs. imposed

strain in Fig. 5. Such lower bound estimation has been

frequently employed to assess slip activity in magnesium al-

loys [20]. The average Schmid factors of basal slip, prismatic

slip, pyramidal <a> slip, pyramidal <aþc>, and {10e12}

extension twinning has been also reported in Table 1. The

obtained results indicated that the strain is mainly accom-

modated with non-basal pyramidal slip systems through

deformation at high temperature regime. However, by

increasing the imposed strain to 0.3, the contribution of

extension twins is substantially increased. In addition, by

further straining the basal and prismatic slip play more

prominent role in strain accommodation. These are closely in

accord with previous microstructure investigations.

In the present case, the strain at first is accommodated

through dislocation generation, movement, tangling, rear-

rangement and eventually the occurrence of continuous

recrystallization, and then repetition of such sequence within

the recrystallized grains. At the end of hardening stage II,

owing to the lower capability of rearrangement and annihi-

lation comparedwithmultiplication and tangling, the strain is

compensated through deformation twinning. At the final

stage the contribution of basal slip increases and the material

experience work hardening. Apparently, all stages (except the

final stage) are accompanied by texture evolution and the

formation of new texture components.
4. Conclusion

The effect of imposed strain on the progress of dynamic

recrystallization and microtexture evolution in Mg-Gd-Y-Zn-

Zr alloy was studied. Toward this end, the compression tests

were conducted at constant temperature of 400 �C under the

strain rate of 0.001s�1 down to various interrupted strains.
According to the achieved results, the following points have

been concluded:

➢ Themicrostructure was considerably refined even through

deformation down to the strain of 0.1, and the coarse

grains (9e14 mm) was surrounded by fine grains

(3 ± 0.2 mm).

➢ The coarse and elongated LPSO phase provided a proper

condition for the occurrence of dynamic recrystallization

through particle stimulated nucleation (PSN) mechanisms.

This was led to the formation of RE-texture components

and considerable weakening of the initial basal texture has

been. The conventional continuous dynamic recrystalli-

zation (CDRX) mechanism also contributed as an effective

grain refinement mechanism.

➢ The recrystallization process was completed at true strain

0.3 and the mean grain size was decreased to 4.3 mm. After

recrystallization completion the twin bandswas developed

within the grains mainly located at the vicinity of blocky

LPSO phases.

➢ The material's capability for strain softening through dy-

namic recrystallization decreases beyond the true strain of

0.3. The majority of grains at true strain of 0.5 were in

deformed states and the fraction of strain free grains was

considerably decreased. The texture was not changed and

the texture intensity only was increased compared with

strain of 0.3.
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