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Abstract: An Mg-3Gd (wt.%) sample with gradient rolling strains (ε = 0–0.55) was prepared using
a wedge-shaped plate after one-pass hot rolling, allowing a high-throughput characterization of
microstructure and texture over a wide strain range within one hot-rolled plate. The microstructure
and texture evolutions were characterized as a function of rolling strain for the as-hot-rolled sample
and as a function of annealing temperature for the subsequently annealed samples. The deformed
microstructure showed a gradual change with increasing rolling strain, i.e., from a deformation
twins-dominant structure in the low strain range of 0–0.20, to a shear bands-dominant structure in
the higher strain range of 0.20–0.55. The recrystallization behavior during annealing showed a clear
correlation between the recrystallization nucleation site and the deformed microstructure. However,
a weak recrystallization texture with non-basal texture components was formed over almost the
entire strain range. This work demonstrates a high-throughput experimental strategy using a wedge-
shaped sample to investigate the effect of various processing parameters, such as strain and annealing
temperature, on the evolution of microstructure, texture, and mechanical properties, which could
accelerate the optimization of processing parameters and microstructural design.

Keywords: Mg-3Gd; high-throughput characterization; deformed microstructure; recrystallization
behavior; processing parameter

1. Introduction

Rolling is one of the most crucial fabrication and processing techniques for magnesium
(Mg) alloys [1,2]. In hexagonal close-packed (HCP) Mg alloys, basal {0001}< 1120 > slip
with the lowest critical shear stress (CRSS) always results in the formation of strong basal
textures and mechanical anisotropy after rolling, which limits the applications of Mg
alloys [3,4]. To solve this issue and promote the homogenization of microstructure in
Mg alloys, a large amount of work has been performed. Interestingly, the addition of
rare-earth (RE) elements, e.g., Y, Gd, Ce, La and Nd, in Mg alloys can highly decrease the
intensity of basal textures, anisotropy, and asymmetry, owing to the formation of a weak
texture component during recrystallization [5–7]. It is well known that shear bands [8],
twin boundaries [9], and particles [10] are the preferential recrystallization nucleation sites
for enhancing the formation of a weak recrystallization texture in Mg-RE alloys [11,12].
Meanwhile, the recrystallization behavior of Mg alloys is also highly dependent on the
degree of strain [13,14]. In particular, the activation of tension twins (TTWs) and basal ships
is much easier than that of compression twins (CTWs), double twins (DTWs), and non-basal
slips during the early stage of plastic deformation [15–17]. With increasing strain, the volume
fraction of CTWs and DTWs increases while that of TTWs decreases. Moreover, under large
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strains, non-basal slips are enhanced [18], followed by the formation of high-density shear
bands [19,20]. Therefore, the deformed microstructures have a substantial effect on the
subsequent recrystallization nucleation and grain growth in Mg alloys [21–23]. However,
a complete characterization of the recrystallization process by tracking microstructural
evolution at specific plastic strains and annealing conditions is extremely tedious since a
large amount of experimental data is required from the same experiment. The effects of
rolling strain on the deformation microstructure and recrystallization behavior were mainly
assessed using homogeneous materials [21,24–26]. To some extent, such experiments were
time-consuming and costly. Wedge-plate rolling provides an efficient alternative strategy,
which has been used to study the effect of initial texture on recrystallization and twinning-
induced recrystallization behavior of AZ31 Mg alloy during hot rolling [22,27]. This
high-throughput approach also provides a possibility for studying the formation of weak
texture in Mg-RE alloys using one wedge-plate sample. However, the high-throughput
approach has rarely been employed to understand the microstructure and recrystallization
of Mg-RE alloys [28,29].

In this work, we applied a wedge-plate rolling approach to obtain a sample with a
large strain gradient. The microstructural evolution and recrystallization behavior during
hot rolling and annealing were thoroughly investigated using the sample. The results
showed that wedge-plate rolling can feasibly be used to study the effect of deformation
strains on the recrystallization behavior, and to help to screen the range of optimized
processing parameters in an efficient way.

2. Materials and Experimental Procedures
2.1. Materials

An Mg-3Gd (wt.%) slab-like billet was prepared by a high-frequency induction melting
of pure Mg and Mg-7.5Gd (wt.%) alloy in an atmosphere of SF6/CO2 (1:99). The sample
with a dimension of 65 × 34 × 10 mm3 was cut from the billet and homogenized at 450 ◦C
for 24 h, then quenched in water. The homogenized sample consisted of coarse grains, of
approximately millimeter (mm) scale, as shown in Figure 1a. The {0002} pole figure shows
all grains had rather scattered orientations, noting that the high intensity of specific poles
was caused by the presence of only a few coarse grains (Figure 1a,b). The homogenized
sample was further cut into a wedged plate, with a thickness variation of 3–10 mm from
one end to the other (Figure 2). The engineering strain was calculated based on the volume
invariant principle and evaluated by ε = (t0 − t)/t0, where t0 and t were the thicknesses
before and after rolling. The wedged plate was preheated at 400 ◦C for 10 min and then
rolled to ∼3 mm, corresponding to a maximum engineering strain, εmax = 0.7, by one pass
using a conventional two-roller miller. Finally, a sample with a strain variation from 0 to 0.7
was obtained. However, only the section of the sample with engineering strains in the range
of ε = 0–0.55 was used in the present study since a crack occurred at the high-strain end.
The rolled sample was then annealed for 1 h at temperatures ranging from 200 to 375 ◦C
for a temperature interval of 25 ◦C. All the rolled and annealed samples were quenched
in water.

2.2. Microhardness Test and Microstructure Analysis

The microhardness was measured using a Vickers microhardness tester (HMV-G21ST,
SHIMADZU, Kyoto, Japan) with a load of 50 g and a dwell time of 10 s. An average
value from 10 tests of each rolling strain was used. The microstructure of the whole rolled
sample was observed using a light optical microscope (LOM, Zeiss Axio Vert.A1, ZEISS,
Oberkochen, Germany). The samples for LOM observations were ground, electro-polished,
and etched via an acetal-picric mixture (10 mL acetic acid, 4.2 g picric acid, 20 mL H2O,
70 mL ethanol) for 10–15 s. Furthermore, the microstructures of rolled and annealed
samples with specific rolling strain were examined using an Oxford electron backscatter
diffraction (EBSD) detector installed on a scanning electron microscope (SEM, JEOL JSM-
7800F, Tokyo, Japan), operated at 20 kV. EBSD samples were prepared by mechanical
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grinding and electro-polished using a perchloric acid and ethanol solution (1:9) at 20 V and
−30 ◦C for 60 s. The LOM, EBSD investigations, and microhardness test were conducted
on the rolling direction (RD)–normal direction (ND) plane. The regions of interest (ROI)
for EBSD and microhardness were focused on the different strains from 0.05 to 0.55 with
a strain interval of 0.05. To quantify the twins volume fraction and average grain size (d),
the HKL Channel 5 software was used for the EBSD data. The recrystallized grains in the
annealed samples were extracted from EBSD data of 1000 × 1500 µm2 based on the grain
orientation spread (GOS) criterion of less than 2◦ [30,31]. Global textures were examined
on the rolling plane (containing the RD and the transverse direction, TD) of the samples
using an X-ray diffractometer (XRD, Rigaku D/max 2500 PC, RIGAKU, Tokyo, Japan)
with Cu Kα radiation under a voltage of 40 kV. The post-calculation of incomplete {0002},
{1010}, {1011}, and {1012} pole figures was conducted using LaboTex 3.0 software (LaboTex,
Krakow, Poland).
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Figure 2. Schematic showing the preparation of a sample with a strain gradient by hot rolling of a
wedged sample.

3. Results
3.1. Microstructure and Texture of the As-Hot-Rolled Sample

Figure 3 shows the microstructure of the as-hot-rolled sample with ε = 0–0.55. The
variation of the deformed microstructures along the RD clear transition is seen from a
structure containing deformation twins (marked by red arrows) to a structure containing
shear bands (marked by black arrows). In the low-strain regions (ε < 0.20) in Figure 3a, a
large number of deformation twins were found inside the original coarse grains. As the
rolling strain increases (ε ≥ 0.20), typical shear bands with increasing amount became the
main feature instead of the deformation twins. Figure S1 provided in the Supplementary
Material shows more detailed variations in the microstructural features with strain. In
summary, deformation twins and shear bands are the two apparent microstructural features
and their corresponding volume fractions were strongly dependent on the rolling strain.
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Figure 4 shows EBSD maps of the as-hot-rolled sample at selected locations of differ-
ent strains. High-angle grain boundaries (HAGBs, ≥15◦) and low-angle grain boundaries
(LAGBs, 3–15◦) are colored by black and grey lines, respectively. The type of deformation
twins (DTWs) can also be identified by the twin/matrix misorientation. Three common
types of DTWs are

{
1012

}
86◦ ± 5◦< 1120 > TTWs,

{
1011

}
56◦ ± 5◦< 1120 > CTWs,

and
{

1012
}

–
{

1011
}

38◦ ± 5◦< 1120 > DTWs, colored by red, green, and fuchsia lines,
respectively. The EBSD microstructure (Figure 4) is consistent with the LOM microstructure
(Figure 3). At a very low strain ε = 0.05, a heterogeneous microstructure is formed con-
taining a large number of TTWs, and few CTWs and DTWs, as shown in Figure 4a. Most
TTWs are parallel to each other, while some TTWs interact with each other. In addition, a
few straight shear bands were inclined at an angle of about 50◦ to the RD, marked by blue
arrows (Figure 4a). With increasing rolling strain (ε < 0.20), the number of visible TTWs
decreased while the number of DTWs increased. More parallel and straight shear bands
form symmetric pairs. It should be noted that the TTW-dominated microstructure with
visible grain boundaries remains in these deformed regions, as shown in Figure 4b,c. With
increasing the rolling strain to 0.20, a high density of shear bands was observed (Figure 4d).
Sufficiently high stresses in the high-strain region led to formation of DTWs and re-oriented
twins, enhancing the activity of local basal slips and the refinement of twins to form shear



Metals 2023, 13, 1216 5 of 17

bands [32]. These newly formed shear bands were inserted into grains and caused a change
in their initial orientation [33]. With further increasing the rolling strain, the shear bands
become wavy instead of parallel and straight, resulting in a high-stress concentration. The
inclination angles of shear bands to RD were approximately ±30◦. Meanwhile, multiple
dislocation slips were activated, including basal and non-basal slips [33,34]. The high
activity of non-basal slips and intensive interaction among dislocations, deformation twins,
and shear bands led to a more homogeneous microstructure. The grain boundaries were
hardly identified, as shown in Figure 4e–k. In addition, no dynamic recrystallized grains
and precipitation occurred during the hot rolling. Therefore, the microstructure in the
hot-rolled sample was divided into two categories: deformation twins-dominated struc-
tures at ε < 0.20, and shear bands-dominated structures at ε ≥ 0.20. The effect of deformed
microstructure on the subsequent recrystallization is discussed later in this article.
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{
10 12

}
86◦ ± 5◦< 1120 > TTWs,

{
10 11

}
56◦ ± 5◦< 1120 > CTWs, and

{
1012

}
–
{

1011
}

38◦ ± 5◦< 1120 >

DTWs are indicated by red, green, and fuchsia lines, respectively.
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Figure 5 shows the micro-textures of the as-hot-rolled sample at selected locations
of different rolling strains, which were analyzed from the EBSD results. With increasing
rolling strain, the spread of texture components towards RD and TD decreased, and basal
textures were formed in high-strained regions. Due to the presence of high-density shear
bands and dislocations at strains ε ≥ 0.20, the indexing rates of EBSD were low. Therefore,
the texture analysis of deformed sample is limited. Based on the global textures of high-
strain regions determined by XRD, it is easier and more accurate to understand the effect of
rolling strains on the deformed textures, as shown in Figure 6. The basal texture component
was formed due to the activation of basal slips and TTWs. Moreover, a typical “RD-spilt”
texture component was observed in all of the regions. This “RD-spilt” feature has been
reported in many rolled or extruded Mg-RE alloys, which is related to the activation of
pyramidal <c+a> slips and the occurrence of double twins [19,29,34–36].
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Figure 6. Global texture variation in the as hot-rolled sample with different rolling strains ranging
from 0.15 to 0.55: (a) ε = 0.15–0.25, (b) ε = 0.25–0.35, (c) ε = 0.35–0.40, (d) ε = 0.40–0.45, (e) ε = 0.45–0.50,
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3.2. Microhardness of Hot-Rolled and Annealed Samples

To evaluate the recrystallization temperature, Vickers microhardness tests were per-
formed at regions with varying strains and after isochronal annealing. Figure 7a shows
the microhardness curves of the as-hot-rolled and annealed samples against the rolling
strain. With increasing rolling strains from 0 to 0.55, the microhardness of the rolled
sample increased from 51 ± 4 HV to 65 ± 4 HV. The increment in the microhardness of
the rolled sample was mainly caused by the strain hardening response. After annealing
for 1 h at 200 ◦C, a slight annealing hardening response occurred, which was associated
with the segregation of Gd elements at different defects, including grain boundaries, twin
boundaries, stacking faults, and dislocations [37,38]. During the annealing process, the
segregation hardening was in competition with the recovery and recrystallization-induced
softening. Annealed at 250 ◦C, the microhardness of the whole sample was slightly lower
than that of the rolled sample. When the annealing temperature increased to 300 ◦C, an
evident softening phenomenon was observed. The decrease in microhardness became more
noticeable than that of the annealed sample at 250 ◦C, especially for the deformed regions
with ε ≥ 0.35. When the annealing temperature was up to 350 ◦C, the microhardness of the
sample was almost kept constant at different rolling strains. It can be presumed that the
recrystallization process occurred in the whole sample. Figure 7b shows the microhardness
variation of the rolled sample annealed at different temperatures. The decreasing trend
of microhardness at the different rolling strains was similar to the increase in annealing
temperature, and the decrease in microhardness at ε = 0.55 was the most among the oth-
ers. Generally, the temperature where the microhardness decreases to 50% is regarded as
the recrystallization temperature [39–41] and the recrystallization behavior of the sample
occurs first in the deformed region with the highest rolling strain [42,43]. Therefore, the
highest rolling strain (ε = 0.55) should be considered to estimate the lowest recrystallization
temperature in the as-hot-rolled sample. Accordingly, 300 ◦C could be regarded as the
recrystallization temperature for the 0.55 rolling strain, marked by an orange arrow in
Figure 7b.
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Figure 7. Microhardness curves of hot-rolled and annealed samples: (a) the relationship between
microhardness and rolling strain at different annealing temperatures, (b) the relationship between
microhardness and annealing temperature at different rolling strains.

3.3. Microstructure and Texture of the Annealed Sample

Considering that the recrystallization temperature determined by the microhardness
method is not accurate, the recrystallization microstructure of the rolled sample was
observed from a temperature of 275 ◦C to 350 ◦C. Figure 8 shows the kernel average
misorientation (KAM) maps of the rolled samples with ε = 0.05, 0.15, 0.25, 0.35, 0.45,
0.55 annealed at different temperatures for 1 h. Recrystallized grains, in general, have a
small lattice distortion with low KAM values, and the non-indexed black regions could
have a higher lattice distortion and local misorientation than the indexed regions in Figure 8.
Therefore, the newly nucleated grains were recognized easily by their KAM values. In
the region with ε = 0.05, most TTWs remained, and only a few recrystallized grains were
formed along CTWs and DTWs during annealing at a temperature range of 275 ◦C to 350 ◦C,
indicating a static recovery was the dominant behavior during the annealing process. At
275 ◦C, a few recrystallized grains were formed in the shear bands at rolling strains ε = 0.35,
0.45, 0.55. With the increase in the annealing temperature to 300 ◦C, a few recrystallized
grains were observed in the regions ε = 0.15, 0.25, while the volume fraction of recrystallized
grains increased with further increasing the rolling strain. Further increasing the annealing
temperature to 325 ◦C, an evident necklace-like partially recrystallized microstructure was
observed along twin boundaries in the region of ε = 0.15. The volume fraction of necklace-
like recrystallized grains increased with increasing annealing temperature. For the shear
bands-dominated structures with ε = 0.25, 0.35, 0.45, 0.55, the potential nucleation sites for
recrystallization increase with increasing rolling strain, which promote the nucleation and
growth rates. Additionally, Figure S2 in the Supplementary Material shows EBSD inverse
pole figure (IPF) maps with high magnification of the as-hot-rolled sample annealed at
temperatures from 275 ◦C to 350 ◦C. Interestingly, the orientation of most recrystallized
grains was independent of the original orientation of the deformed microstructure.
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strains. For the region at ε = 0.05, there was no significant change in all of the textures 
during annealing from 275 °C to 350 °C, which was consistent with the microstructure as 
shown in Figure 8. However, for the regions at ε = 0.15, 0.25, 0.35, 0.45, 0.55, the texture 
intensity decreased with increasing annealing temperature. The higher the rolling strain, 
the more significant the decrease in texture intensity. For the same annealing temperature, 
the texture intensity also decreased with increasing rolling strain. The higher the anneal-
ing temperature, the more pronounced the weakening of texture. Therefore, the highest 
volume fraction of recrystallization and the weakest texture were achieved in the sample 
with a rolling strain of 0.55 after annealing at 350 °C. 

Figure 8. Kernel average misorientation (KAM) maps marked with different twin boundaries of
the hot-rolled sample annealed at different temperatures for 1 h: (a) 275 ◦C, (b) 300 ◦C, (c) 325 ◦C,
(d) 350 ◦C. HAGBs and LAGBs are marked by black and grey lines, respectively. TTWs, CTWs, and
DTWs are marked by red, green, and fuchsia lines, respectively.

Figure 9 shows the {0002} pole figures of the annealed samples with different rolling
strains. For the region at ε = 0.05, there was no significant change in all of the textures
during annealing from 275 ◦C to 350 ◦C, which was consistent with the microstructure as
shown in Figure 8. However, for the regions at ε = 0.15, 0.25, 0.35, 0.45, 0.55, the texture
intensity decreased with increasing annealing temperature. The higher the rolling strain,
the more significant the decrease in texture intensity. For the same annealing temperature,
the texture intensity also decreased with increasing rolling strain. The higher the annealing
temperature, the more pronounced the weakening of texture. Therefore, the highest volume
fraction of recrystallization and the weakest texture were achieved in the sample with a
rolling strain of 0.55 after annealing at 350 ◦C.
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4. Discussion
4.1. Deformation Mechanisms of Rolled Sample

A gradient-deformed microstructure, that is, from the deformation twins-dominated
structures to the shear bands-dominated structures, was observed with increasing the
continuous rolling strains along RD, as shown in Figures 3 and 4. Both types of deformed
microstructures play an essential role in the subsequent recrystallization process [44,45].
TTWs are readily activated at a very low strains, whereas shear bands are usually ob-
served at high-strain regions in Mg alloys [45,46]. Figure 10 shows the EBSD rate and twin
boundaries fraction as a function of rolling strain in the as-hot-rolled sample. The volume
fraction of twin boundaries for TTWs, CTWs, and DTWs, and the total twin boundaries
in the regions with different rolling strains, are listed in Table 1. With increasing rolling
strains, the volume fraction of the total twin boundaries as well as the EBSD indexing
rate in the rolled sample decreased, especially for TTWs, while the volume fractions of
CTWs and DTWs varied a little. When the rolling strain reached 0.20, the EBSD index rate
declined rapidly below 60%, and the volume fraction of the twin boundaries decreased
below 10%. Meanwhile, the density of shear bands obviously increased as well, as shown
in Figure 4d. The significant change in the EBSD index rate is related to the deformed
microstructure, i.e., the microstructure on the left side (Figure 10) with ε < 0.20 is defor-
mation twins-dominated, while the microstructure on the right side with ε ≥ 0.20 is shear
bands-dominated. Based on the previous studies of the recrystallization behavior in Mg al-
loys, the preferred nucleation sites during recrystallization differ between the deformation
twins-dominated microstructure in the low-strain regions and the shear-bands-dominated
microstructure in the high-strain regions [9,28].
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Figure 10. The EBSD index rate and the volume fraction of twin boundaries as a function of rolling
strain in the as-hot-rolled sample.

Table 1. The volume fraction of twin boundaries for the as-hot-rolled sample with different rolling
strains analyzed from EBSD maps.

Rolling Strain (ε)
The Volume Fraction of Twin Boundaries (%)

TTWs CTWs DTWs Total

0.05 53.6 0.2 0.4 54.2

0.10 28.1 0.5 2.1 30.7

0.15 13.3 0.6 3.8 17.7

0.20 5.8 0.6 2.0 8.4

0.25 3.3 0.9 2.0 6.2

0.30 1.0 1.1 1.5 3.6

0.35 2.0 1.4 1.3 4.7

0.40 0.4 0.6 1.4 2.4

0.45 0.5 0.7 2.9 4.1

0.50 1.1 0.5 1.0 2.6

0.55 0.8 0.2 0.5 1.5

4.2. Recrystallization Behavior of Rolled Sample

After annealing, the static recrystallization of the as-hot-rolled sample was triggered,
and more recrystallized grains were nucleated with increasing rolling strain, as shown in
Figure 8. Accordingly, the relationships among volume fraction and average grain size (d)
of recrystallized grains, rolling strains, and annealing temperatures are shown in Figure 11,
and the detailed data are listed in Table 2. For the regions at ε = 0.05, 0.15, 0.25, annealed at
275 ◦C, and the region at ε = 0.05, annealed at 300 ◦C, almost no recrystallized grains were
found, indicating that these regions mainly recovered. For the regions with an identical
rolling strain, the volume fraction and the grain size of recrystallized areas increased with
increasing annealing temperature. For the same annealing temperature, the higher the
rolling strain, the higher the volume fraction of recrystallization obtained. This is because,
with increasing the rolling strain, a higher stored energy accumulated in the deformed
matrix, and a faster nucleation and growth rate of recrystallization occurred. When ε = 0.05,
the volume fraction of recrystallized grains was only 3.2% and the average grain size was
10.5 ± 5.2 µm, even when annealed at 325 ◦C, due to the insufficient stored energy [27].
Similarly, when ε = 0.55, the volume fraction of recrystallized grains was also low, i.e., 4.7%,
and the average grain size was 7.2± 2.2 µm, after annealing at 275 ◦C, due to the insufficient
thermal driving force [43]. Therefore, the recrystallization took place at a higher annealing
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temperature in the deformation twins-dominated regions (ε < 0.20) compared with that in
the shear bands-dominated regions (ε ≥ 0.20). It was easier for the regions with a higher
rolling strain to form finer grains and a higher volume fraction of recrystallized grains.
Additionally, the growth rate of recrystallized grains in the deformation twins-dominated
structures was faster than that in shear bands-dominated structures, as shown in Figure 11b.

Metals 2023, 13, 1216 12 of 17 
 

 

When ε = 0.05, the volume fraction of recrystallized grains was only 3.2% and the average 
grain size was 10.5 ± 5.2 µm, even when annealed at 325 °C, due to the insufficient stored 
energy [27]. Similarly, when ε = 0.55, the volume fraction of recrystallized grains was also 
low, i.e., 4.7%, and the average grain size was 7.2 ± 2.2 µm, after annealing at 275 °C, due 
to the insufficient thermal driving force [43]. Therefore, the recrystallization took place at 
a higher annealing temperature in the deformation twins-dominated regions (ε < 0.20) 
compared with that in the shear bands-dominated regions (ε ≥ 0.20). It was easier for the 
regions with a higher rolling strain to form finer grains and a higher volume fraction of 
recrystallized grains. Additionally, the growth rate of recrystallized grains in the defor-
mation twins-dominated structures was faster than that in shear bands-dominated struc-
tures, as shown in Figure 11b. 

 
Figure 11. The volume fraction (a) and average grain size (b) of recrystallized grains as a function 
of rolling strain for the as-hot-rolled sample annealed at different temperatures. 

Table 2. Volume fraction and average grain size of recrystallized grains with different rolling strains 
and different temperatures (fRex: the volume fraction of recrystallized grains, 𝑑̅: the recrystallized 
grain size). 

Rolling Strain 0.05 0.15 0.25 0.35 0.45 0.55 

275 °C 
fRex (%) - - - 2.3 3.0 4.7 𝑑̅ (µm) - - - 7.5 ± 1.8 8.0 ± 1.7 7.2 ± 2.2 

300 °C 
fRex (%) - 2.8 14.9 16.8 30.4 50.5 𝑑̅ (µm) - 9.4 ± 2.9 11.3 ± 2.8 11.3 ± 3.2 10.5 ± 2.5 10.2 ± 3.2 

325 °C 
fRex (%) 3.2 11.3 48.7 52.5 70.6 88.7 𝑑̅ (µm) 10.5 ± 5.2 13.0 ± 5.1 12.6 ± 4.8 12.8 ± 4.7 11.3 ± 4.4 10.4 ± 3.5 

350 °C 
fRex (%) 5.5 35.0 75.1 78.1 89.3 94.5 𝑑̅ (µm) 12.0 ± 6.5 15.7 ± 7.8 13.8 ± 6.9 13.2 ± 6.7 12.5 ± 5.8 10.7 ± 4.0 

The initial deformed microstructure in the as-hot-rolled sample also plays a key role 
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lized grains with different rolling strains and annealing temperatures, as shown in Figure 
12. A weak recrystallization texture formed in all the regions, except the region with ε = 
0.05. With increasing rolling strain and annealing temperature, the intensity of textures 
decreased while the volume fraction of recrystallization increased. For example, a rela-
tively weak texture was achieved after annealing at 325 °C in the region with ε = 0.15, 

Figure 11. The volume fraction (a) and average grain size (b) of recrystallized grains as a function of
rolling strain for the as-hot-rolled sample annealed at different temperatures.

Table 2. Volume fraction and average grain size of recrystallized grains with different rolling strains
and different temperatures (fRex: the volume fraction of recrystallized grains, d: the recrystallized
grain size).

Rolling Strain 0.05 0.15 0.25 0.35 0.45 0.55

275 ◦C
fRex (%) - - - 2.3 3.0 4.7

d (µm) - - - 7.5 ± 1.8 8.0 ± 1.7 7.2 ± 2.2

300 ◦C
fRex (%) - 2.8 14.9 16.8 30.4 50.5

d (µm) - 9.4 ± 2.9 11.3 ± 2.8 11.3 ± 3.2 10.5 ± 2.5 10.2 ± 3.2

325 ◦C
fRex (%) 3.2 11.3 48.7 52.5 70.6 88.7

d (µm) 10.5 ± 5.2 13.0 ± 5.1 12.6 ± 4.8 12.8 ± 4.7 11.3 ± 4.4 10.4 ± 3.5

350 ◦C
fRex (%) 5.5 35.0 75.1 78.1 89.3 94.5

d (µm) 12.0 ± 6.5 15.7 ± 7.8 13.8 ± 6.9 13.2 ± 6.7 12.5 ± 5.8 10.7 ± 4.0

The initial deformed microstructure in the as-hot-rolled sample also plays a key role in
the recrystallization textures. The {0002} pole figures were obtained from the recrystallized
grains with different rolling strains and annealing temperatures, as shown in Figure 12.
A weak recrystallization texture formed in all the regions, except the region with ε = 0.05.
With increasing rolling strain and annealing temperature, the intensity of textures decreased
while the volume fraction of recrystallization increased. For example, a relatively weak
texture was achieved after annealing at 325 ◦C in the region with ε = 0.15, where a few
percent to 10% of recrystallized grains was obtained. For the regions with ε > 0.20, the
weak recrystallization texture was maintained and its intensity value decreased with
increasing annealing time due to the increase in recrystallized grains. It is well known
that the recrystallized grains always nucleate at DTWs and CTWs in the deformation
twins-dominated regions [9], while the recrystallized grains nucleate inside shear bands in
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the shear bands-dominated regions [8]. However, the weak recrystallization texture was
formed in almost the entire strain range, indicating that both deformation twins-related
and shear bands-related recrystallization led to the weak recrystallization textures.
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To gain a better understanding of the effect of the orientation distribution of the
recrystallized grains in the deformation twins-dominated and shear bands-dominated
structures on the final recrystallization textures, the texture of all recrystallized grains is
divided into two texture components with orientation deviating ±0–20◦ and ±20–90◦ from
ND towards RD, respectively. These two texture components are labelled as basal {0002}
and non-basal {0002}, respectively. The relationships among the volume fraction of basal
{0002} and non-basal {0002} texture components and rolling strains are shown in Figure 13a.
The volume fraction of the non-basal {0002} component was much higher than that of
the basal {0002} component at different annealing temperatures. Therefore, the volume
fractions of the recrystallized grains with orientation deviating ±0–20◦ from ND towards
RD were small, while the majority of the recrystallized grains had orientations that deviated
±20–90◦ from ND towards RD. Significantly, the average grain sizes of recrystallized grains
with basal {0002} and non-basal {0002} orientations were almost the same at the same strain
and annealing temperature, as shown in Figure 13b. Meanwhile, all the grain sizes at
different strains increased with increasing annealing temperature, although the growth
rate of recrystallized grains in the deformation twins-dominated structures (ε < 0.20) was
slightly higher than that in the shear bands-dominated structures (ε ≥ 0.20) after annealing.
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4.3. The Relationship between Recrystallization Temperature and Rolling Strain 
In this work, we analyzed the recrystallization behavior and microhardness of Mg-

3Gd alloy at different rolling strains and annealing temperatures. The samples with ε = 
0.55 annealed at 325 °C and ε = 0.45 annealed at 350 °C are supposed to have excellent 
properties after 400 °C hot rolling, and formed fine and equiaxed recrystallized grains 
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the higher the rolling strain, the lower the recrystallization temperature [47]. This result 
agrees with the so-called laws of recrystallization formulated by Burke et al. [42]. The ef-
fect of rolling strain on the recrystallization temperature can be explained by the stored 
deformation energy during rolling. When the rolled sample was annealed under the re-
crystallization temperature, the recrystallization phenomenon was insignificant; when the 
temperature reached the recrystallization temperature, the recrystallization occurred, and 
the volume fraction of recrystallization increased with increasing rolling strains and an-
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extremely weak textures was homogeneous, which is essential for a material with excel-
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tures (ε ≥ 0.20). 

(2) The recrystallization process at different rolling strains can be rapidly tracked and 
evaluated by the high-throughput characterization of Vickers microhardness before 
and after annealing. 

(3) Compared with the deformation twins-dominated structures, the shear bands-dom-
inated structures generated higher local strain areas to trigger recrystallization nu-
cleation, resulting in a faster nucleation and more homogeneous microstructure. 

(4) The high-throughput rolling of Mg-3Gd alloys can be used to study the effect of de-
formation strain on the deformed microstructure, recrystallization behavior, and 
subsequent mechanical properties. This strategy can also be extended for high-
throughput studies of other metals to accelerate the optimization of processing pa-
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4.3. The Relationship between Recrystallization Temperature and Rolling Strain

In this work, we analyzed the recrystallization behavior and microhardness of Mg-3Gd
alloy at different rolling strains and annealing temperatures. The samples with ε = 0.55
annealed at 325 ◦C and ε = 0.45 annealed at 350 ◦C are supposed to have excellent properties
after 400 ◦C hot rolling, and formed fine and equiaxed recrystallized grains with a ~90%
volume fraction of recrystallization, as well as weak textures. It is clear that the higher the
rolling strain, the lower the recrystallization temperature [47]. This result agrees with the so-
called laws of recrystallization formulated by Burke et al. [42]. The effect of rolling strain on
the recrystallization temperature can be explained by the stored deformation energy during
rolling. When the rolled sample was annealed under the recrystallization temperature,
the recrystallization phenomenon was insignificant; when the temperature reached the
recrystallization temperature, the recrystallization occurred, and the volume fraction of
recrystallization increased with increasing rolling strains and annealing temperatures. The
sample with a ~90% volume fraction of recrystallization and extremely weak textures was
homogeneous, which is essential for a material with excellent comprehensive properties.

5. Conclusions

(1) With increasing rolling strain, the deformed microstructure gradually varied from de-
formation twins-dominated structures (ε < 0.20) to shear bands-dominated structures
(ε ≥ 0.20).

(2) The recrystallization process at different rolling strains can be rapidly tracked and
evaluated by the high-throughput characterization of Vickers microhardness before
and after annealing.

(3) Compared with the deformation twins-dominated structures, the shear bands-dominated
structures generated higher local strain areas to trigger recrystallization nucleation,
resulting in a faster nucleation and more homogeneous microstructure.

(4) The high-throughput rolling of Mg-3Gd alloys can be used to study the effect of defor-
mation strain on the deformed microstructure, recrystallization behavior, and subse-
quent mechanical properties. This strategy can also be extended for high-throughput
studies of other metals to accelerate the optimization of processing parameters and
microstructural design.



Metals 2023, 13, 1216 15 of 17

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/met13071216/s1. Figure S1. Microstructures with higher
magnification of the as-hot-rolled sample at locations of different rolling strains: (a) ε = 0.05,
(b) ε = 0.10, (c) ε = 0.15, (d) ε = 0.20, (e) ε = 0.25, (f) ε = 0.30, (g) ε = 0.35, (h) ε = 0.40, (i) ε = 0.45,
(j) ε = 0.50, (k) ε = 0.55. Figure S2. EBSD inverse pole figure (IPF) maps with high magnification of
the hot-rolled sample annealed at different temperatures for 1 h: (a) 275 ◦C, (b) 300 ◦C, (c) 325 ◦C,
(d) 350 ◦C. Observation along TD was applied to the IPF triangle.
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