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Abstract: The effects of Gd element on the nanocrystallization of Mg alloys during swaging were studied by means of
the microhardness test, tensile test, and transmission electron microscopy. The results indicate that it is impossible to
achieve nanocrystallization in pure Mg via rotary swaging, which may be attributed to the difficulty of forming
dislocation arrays. In contrast, adding Gd alone can achieve a remarkable grain refinement effect after swaging. In the
early stage of swaging, twin lamellae are all formed in the pure Mg and Mg—Gd alloys. As the swaging process
continues, more non-basal dislocations are formed in the Mg—Gd alloys than in pure Mg. This promotes the formation
of dislocation arrays and the resulting nanocrystallization in the Mg—Gd alloys. As the Gd content increases, the
refinement effect is obviously enhanced. The critical content for the refinement of the grain size below 100 nm is about

5.4 wt.%.
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1 Introduction

Magnesium (Mg) alloys can exhibit remarkable
solid solution strengthening and precipitation
strengthening at room temperature and elevated
temperature through the appropriate addition of rare
earth (RE) elements [1]. Compared with other RE
elements, gadolinium (Gd) has a higher solid solubility
in a-Mg, and its maximum solubility at the eutectic
temperature (821 K) is 23.49 wt.% [2]. Adding Gd
results in a great strengthening effect [3] and a high
potential to randomize the sheet texture [4] in Mg
alloys. Moreover, the addition of Gd can also
effectively improve the corrosion resistance [5] and
creep resistance [6] of Mg alloys. Owing to the
superior properties achieved by the addition of Gd,
research on the effect of Gd on the deformation
behavior of Mg alloys has attracted increasing

attention in recent years. MOUHIB et al [7] found
that Mg—Gd—Zn alloys with a lower atomic ratio of
Gd to Zn (1:2) showed a higher direction dependent
anisotropy of the yield stress than the higher
Gd:Zn atomic ratios (1:1 and 2:1). WANG et al [8]
reported that Gd could promote the grain
refinement of Mg—Gd—Y—Zr alloys during casting.
It is known that basal (a) slip dominates the
room-temperature plastic deformation of Mg alloys.
The addition of Gd reduces the difference in
the critical resolved shear stress between the basal
(a) slip and the pyramidal (c+a) slip at room
temperature, resulting in an increase in the activity
of non-basal slip in Mg alloys [9]. Compared with
pure Mg, the addition of Gd promotes the formation
of more uniformly distributed shear bands [10],
which may be attributed to the activation of more
non-basal dislocations in Mg alloys [11]. For
twinning, the number density of {1012} twins (the
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most common type of twins in Mg alloys) decreases
with increasing Gd content in the a-Mg matrix [12].
Moreover, the addition of Gd can promote the
formation of another type of twin, such as {1121}
twins, which cannot be formed in pure Mg [12].
The addition of Gd also affects the grain refinement
process of Mg alloys. It has been reported that
among a series of Mg—Gd binary alloys with Gd
contents between 0.22 and 4.65wt.% Gd, a
minimum recrystallized grain size was obtained in
alloys with 0.75 wt.% Gd [13]. Above this content,
the recrystallized grain size increased with
increasing Gd content [13]. With the addition of Gd,
the refinement mechanism of Mg alloys changed
from discontinuous dynamic recrystallization (DRX)
to continuous DRX during hot extrusion [14],
which was attributed to the formation of solute
clusters and the grain boundary segregation of Gd
[14,15]. When the Gd content reached 15 wt.%,
many fine particles dynamically precipitated along
the grain boundaries of Mg—Gd alloys during the
hot extrusion process [3], resulting in a finer
dynamically recrystallized grain size due to the
pinning effect.

To date, most of the research on the effect of
Gd on Mg alloys was focused on the hot deformation.
There are few studies on its role during cold
deformation. Recently, we successfully prepared a
bulk nanocrystalline Mg—8Gd—3Y—-0.4Zr (wt.%)
alloy via rotary swaging at room temperature [16].
However, it is still unclear whether it is possible to
achieve nanocrystallization in Mg—Gd binary alloys
without adding yttrium (Y). If it can be achieved,
what is the correlation between the Gd content and
the grain refinement of Mg alloys during swaging?
In this work, cold rotary swaging technology was
applied to processing Mg—Gd binary alloys and
pure Mg. The microstructure evolution of the
samples with different Gd addition levels and the
effect of Gd in different stages of the grain
refinement process were studied.

2 Experimental

2.1 Sample preparation

Three binary alloy compositions containing
1.7, 3.7 and 5.8 wt.% Gd were prepared. These
compositions were chosen to be within the range of
Gd solid solubility. Each alloy was prepared in an

induction furnace under a CO, and SF¢ atmosphere
and cast in an upright semi-continuous casting
machine. The T4 solution treatment was conducted
in an air furnace at 798 K for 20 h, followed by air
cooling. The solution-treated billets were machined
into cylindrical rods with a diameter of 90 mm and
a length of 250 mm. Then, backward extrusion was
performed at 693 K to produce cylindrical bars with
a diameter of 18 mm. The extrusion ratio was 25,
and the extrusion rate was 10 mm/s.

For comparison, a commercial hot-extruded
pure Mg bar with a diameter of 18 mm was also
used as the experimental alloy in this work. The
chemical compositions that were determined by
inductively coupled plasma mass spectrometry, are
listed in Table 1. Figure 1 shows the microstructures
of the extruded Mg-1.7Gd, Mg—-3.7Gd and
Mg—5.8Gd alloys, and pure Mg bars. The average
grain sizes are (12£8), (12+5), (13+£5), and
(19£12) pm, respectively.

Table 1 Chemical compositions of Mg—Gd binary alloys

and pure Mg (wt.%)

Material Gd Fe Si Mn Ni
Mg-1.7Gd 1.74 0.008 0.019 0.012 0.0003
Mg-3.7Gd 3.65 0.011 0.027 0.017 0.0005
Mg-5.8Gd 5.77 0.014 0.020 0.014 0.0002

Pure Mg 0.006 0.011 0.005 0.0001

The Mg—1.7Gd, Mg—3.7Gd and Mg—5.8Gd
alloys, and pure Mg extruded bars were subjected to
multi-pass rotary swaging at room temperature
without any intermediate annealing. The
accumulated strains after different passes calculated
from the area reduction @=In(Sy/S)) (So: initial cross
section, Si: final cross section), are listed in Table 2.
A photo of the extruded and 5-pass swaged alloy
bars is shown in Fig. 2.

2.2 Mechanical tests and microstructure
characterization

The Vickers microhardness measurement was
carried out using an HMV-G 21DT tester with a
load of 49N and a dwell time of 15s. The
microhardness for each point was determined by
averaging the values from three indentations. An
Instron 3369 machine was used to perform tensile
tests at room temperature with an initial strain rate
of 0.001 s~!. The tensile direction is parallel to the
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Fig. 1 Microstructures of cross sections of extruded alloy bars: (a) Mg—1.7Gd; (b) Mg—3.7Gd; (c) Mg—5.8Gd; (d) Pure
Mg

Table 2 Accumulated strains after different passes

Sample Swaging pass  Accumulated strain
Mg—1.7Gd-0 Mg—3.7Gd-0 Mg—5.8Gd-0 Pure Mg-0 0 0
Mg—1.7Gd-1 Mg—3.7Gd-1 Mg—5.8Gd-1 Pure Mg-1 Ist 0.03
Mg—1.7Gd-2 Mg—3.7Gd-2 Mg—5.8Gd-2 Pure Mg-2 2nd 0.08
Mg—1.7Gd-3 Mg—3.7Gd-3 Mg—5.8Gd-3 Pure Mg-3 3rd 0.14
Mg—1.7Gd-4 Mg—3.7Gd-4 Mg—5.8Gd-4 Pure Mg-4 4th 0.19
Mg—1.7Gd-5 Mg—3.7Gd-5 Mg—5.8Gd-5 Pure Mg-5 5th 0.24

Fig. 2 Photo of extruded and 5-pass swaged alloy bars
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ED. All specimens with a gage length of 15 mm and
a gage diameter of 3 mm were cut from the center
of the alloy bars.

All samples used for the microstructure
characterization were cut from the center of the
alloy bars and perpendicular to the ED. Electron
backscatter diffraction (EBSD) measurements were
performed using a Helios Nanolab 600i scanning
electron microscope equipped with the HKL
Channel 5 data acquisition and analysis software.
Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) observations were
conducted on a Titan G* 60—300 microscope operating
at 300 kV. The TEM samples were mechanically
ground to a thickness of 100 um, and then thinned
by twin-jet electropolishing in an electrolyte
containing 1 vol.% nitric acid, 2 vol.% perchloric
acid, and 97 vol.% ethanol. The electropolishing
temperature was approximately —40 °C. The
average grain or subgrain size was measured by the
Nano Measurer software. At least 500 grains or
subgrains were measured for the statistical analysis.

3 Results

Our previous work [16] indicated that bulk
nanocrystalline Mg alloys with dimensions of
d3mm x 1000 mm were obtained by rotary
swaging at room temperature. Nanocrystallization
was achieved in the central region of the alloy bars
rather than in the edge region, due to the unique
loading mode and the high hydrostatic stress in the
central region. Therefore, all mechanical tests and
microstructure characterization in this study were
focused on the central region of the alloy bars.

3.1 Microhardness at center of alloy bars

Figure 3(a) shows the variation in the hardness
with the increase in the number of swaging pass.
Compared with the extruded samples, the pure
Mg-5
(approximately HV 6) in the microhardness in the
central region. In contrast, the microhardness values
of the Mg—1.7Gd-5, Mg—3.7Gd-5 and Mg—5.8Gd-5
samples increase significantly by approximately
HV 26, HV 33 and HV 37, respectively, as shown
in Fig. 3(b). The increment in microhardness of
the Gd-containing alloys after 5-pass swaging
compared to the extruded samples gradually
increases with increasing Gd content.

sample shows only a small increment
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Fig. 3 Microhardness of pure Mg and Mg—Gd alloys
after different swaging passes (a), and increment in micro-
hardness extruded

between S-pass swaging and

samples (b)

3.2 Microstructure evolution during swaging
3.2.1 Formation of twin lamellae and deformation
bands

Figures 4(a—c) show the typical micro-
structures of the Mg—1.7Gd-1, Mg—3.7Gd-1 and
Mg—5.8Gd-1 samples, respectively. After 1-pass
swaging, many lamellae were formed in the three
samples. Based on the random selected-area
electron diffraction (SAED) analysis of ten lamellae,
most of them are determined to be {1012} tension
twins, as shown in the insets in Figs. 4(a—c). The
average width of the twin lamellae in the three
samples ranges from 300 to 400 nm. Within the
twin lamellae and the adjacent matrix, many basal
stacking faults (SFs, white arrows) can be observed,
especially in the Mg—5.8Gd-1 sample, as shown in
Figs. 4(d) and (e).

Apart from the twin lamellae, some
deformation bands were also observed in the
Mg—5.8Gd alloy bar in the early stage of swaging.
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Fig. 4 Typical microstructures after 1-pass swaging: (a) Mg—1.7Gd-1; (b) Mg—3.7Gd-1; (c) Mg—5.8Gd-1; (d) Magnified
TEM image of white dotted box in (c), showing many SFs (white arrows) formed in matrix (labeled “M”) and twin
(labeled “T”); (e) Magnified HRTEM image of white dotted box in (d) (The corresponding SAED patterns of the twin
boundary area (red circle) are provided as insets in the photomicrograph)

Figure 5(a) shows some deformation bands with
width ranging from 200 to 300 nm formed in the
Mg—5.8Gd-2 sample. Basal SFs can also be
observed within the bands and the adjacent matrix.
As shown in Fig. 5(b), the boundary of the
deformation band exhibits a high misorientation
angle of approximately 11° with its adjacent matrix.

It is worth noting that these deformation bands were
not observed in the Mg—1.7Gd and Mg—-3.7Gd
samples during swaging.
3.2.2 Further refinement by forming dislocation
arrays
As the swaging strain increased, the twin
lamellaec and deformation bands that formed in the
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early stage of swaging were further refined through
the formation of dislocation arrays. One of the
dislocation arrays (red arrows) that formed within
the twin lamellae in the Mg—1.7Gd-3 sample is

presented in Fig. 6(a). The magnified HRTEM
image of the dislocation array in Fig. 6(b) shows
the low-angle grain boundary (LAGB) formed by
the dislocation array. Figures 6(c) and (d) show the

Fig. 5 (a) Deformation bands (labeled “B”) observed in central region of Mg—5.8Gd alloy bar after 2-pass swaging;

(b) Magnified HRTEM image of white dotted box in (a)

Fig. 6 (a) Further refinement of twin lamellae through formation of dislocation arrays (red arrow) in Mg—1.7Gd-3
sample; (b) Magnified HRTEM image of white dotted box in (a), showing 5° LAGB formed by dislocation array;
(c, d) Formation of nanoscale submicrostructures through segmentation by dislocation arrays in Mg—3.7Gd-3 and

Mg—5.8Gd-3 samples, respectively
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nanoscale  submicrostructure formed through
segmentation by the dislocation arrays in Mg—
3.7Gd-3 and Mg—5.8Gd-3 samples, respectively.
With continued increase in the swaging strain, due
to the increase in dislocation accumulation, these
dislocation arrays could be transformed into
subgrain boundaries [17]. A nanoscale subgrain that
formed in the Mg—5.8Gd-4 sample is presented in
Fig. 7, showing 10° and 15° crystal misorientations
with its neighboring grains. These nanoscale
subgrains would be further transformed into
nanograins with high-angle grain boundaries
(HAGB) through more dislocation accumulation
and interaction within the boundaries and
subsequent crystal rotation with their neighboring
grains [18].
3.2.3 Comparison of microstructures after same
5-pass swaging

After the same S5-pass swaging, remarkable

grain refinement (green arrows) could be achieved

=

in the Mg—1.7Gd-5, Mg—3.7Gd-5 and Mg—5.8Gd-5
samples, as shown in Figs. 8(a—c), respectively. The
average grain/subgrain sizes of the Mg—1.7Gd-5,
Mg—3.7Gd-5 and Mg-5.8Gd-5 samples are
approximately 298, 180 and 87 nm, respectively. It
is worth noting that some fine lamellae (yellow
arrows) were still observed without further
refinement. In contrast, only twin lamellac were
observed in the pure Mg-5 sample, and no
dislocation arrays were found within the twin
lamellae or in the matrix, as shown in Fig. 8(d).

3.3 Improvement in strength via rotary swaging
Figure 9(a) shows the room-temperature
tensile stress—strain curves of the samples after
extrusion and the same 5-pass swaging. The
corresponding mechanical properties are listed in
Table 3. The three groups of Mg—Gd samples all
exhibit significant increase in yield and ultimate
strength after 5-pass swaging. Compared with the

Fig. 7 (a) Microstructure observed in Mg—5.8Gd-4 sample; (b) Magnified HRTEM image of white dotted box in (a),
showing nanoscale subgrain (labeled “NSG”) with size of ~40 nm; (c, d) HRTEM images of grain boundaries marked

B, and B; in (b), respectively
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Fig. 8 Typical microstructures observed after 5-pass swaging: (a) Mg—1.7Gd-5; (b) Mg—3.7Gd-5; (c) Mg—5.8Gd-5;
(d) Pure Mg (Nanoscale grains (or subgrains) and lamellae are indicated by the green and yellow arrows in the images,

respectively)
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Fig. 9 (a) Room-temperature tensile stress—strain curves of extruded and swaged samples; (b) Increment in yield
strength between 5-pass swaging and extruded samples

extruded samples, the increment in yield strength Mg—5.8Gd samples after 5-pass swaging are 191,
after 5-pass swaging increases with increasing Gd 257 and 281 MPa, respectively. In contrast, the yield
addition. As shown in Fig. 9(b), the increment in strength of the pure Mg sample increases only
the yield strength of the Mg—1.7Gd, Mg—3.7Gd and slightly (24 MPa) after the same 5-pass swaging.
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Table 3 Yield strength (YS), ultimate tensile strength
(UTS) and elongation at fracture (&f) of extruded and
swaged samples

Sample YS/MPa UTS/MPa &%
Pure Mg-0 106 199 33.1
Pure Mg-5 130 198 45.8

Mg—1.7Gd-0 82 180 32.6
Mg—1.7Gd-5 273 329 13.4
Mg—3.7Gd-0 98 191 34.2
Mg—3.7Gd-5 355 397 12.4
Mg—5.8Gd-0 107 207 37.5
Mg—5.8Gd-5 388 437 8.9

4 Discussion

4.1 Effect of Gd addition on activity of non-basal

slip

Unlike Mg—Gd binary alloys, pure Mg cannot
develop nanocrystallization via current rotary
swaging technology. Our previous work [16] has
shown that dislocation arrays are an indispensable
factor in the nanocrystallization of Mg alloys during
swaging. In this work, no dislocation arrays were
found in the swaged pure Mg samples.
Figures 10(a, b) show the TEM dark field
observations of the pure Mg and Mg—1.7Gd
samples after 1-pass swaging, respectively. Based
on the g-b criterion, the visible dislocations with
2=(0002) under dark field conditions have a (c)
component, which are typical non-basal
dislocations ({c) or {c+a) dislocations) in Mg. In the
pure Mg sample, few non-basal dislocations are
observed, as shown in Fig. 10(a). Studies indicate
that non-basal dislocations in pure Mg are unstable
and easily dissociate within the basal plane at room
temperature [19,20]. The dislocation arrays in Mg
alloys mainly originate from the accumulation and
interaction of non-basal dislocations [21,22]. The
low density of non-basal dislocations makes it
difficult for pure Mg to form dislocation arrays
during swaging. In contrast, numerous non-basal
dislocations with {(c) components are observed in
the Mg—1.7Gd sample after 1-pass swaging, as
shown in Fig. 10(b). Compared with pure Mg, the
higher activity of non-basal slips in Mg—Gd binary
alloys can be attributed to the inhibition of
dissociation of non-basal dislocations to the basal
plane, which is due to the addition of Gd and rapid

non-basal dislocation multiplication through solute-
accelerated cross-slip and double cross-slip [23].
This promotes the formation of more dislocation
arrays and the resulting nanocrystallization in the
Mg—Gd binary alloys during swaging.

Fig. 10 TEM dark field images of pure Mg-1 (a), and
Mg—-1.7Gd-1 (b)

4.2 Effect of Gd addition on nanocrystallization
process

After 5-pass swaging, a finer grain/subgrain
size was obtained in the Mg—Gd binary alloys with
more Gd addition, as shown in Fig. 8. Figure 11
shows the relationship between the final grain/
subgrain size after 5-pass swaging and the Gd
content based on the statistical analysis. The Gd
content is estimated to be inversely proportional to
the final grain/subgrain size, and the critical Gd
addition amount for refining grains below 100 nm
(a typical size of nanocrystalline materials) is
estimated to be about 5.4 wt.% based on the linear
fitting of data. The above TEM observations indicate
that the nanocrystallization process of Mg—Gd
binary alloys mainly depends on the formation of
twin lamellae/deformation bands at the beginning
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Fig. 11 Relationship between Gd content and grain/
subgrain size in Mg—Gd binary alloys after 5-pass
swaging

and subsequent dislocation arrays. In different
stages, the effect of Gd addition is different.

In the early stage of swaging, {1012} tension
twinning dominated the refinement process in the
Mg—Gd binary alloys. The widths of the twin
lamellae among the three groups of Mg—Gd
samples were similar, as shown in Fig. 4. This
indicates that the thickness of the initial tension
twins formed is independent of the Gd content and
may be dependent on the strain rate during
high-strain swaging (approximately 50 s™' in the
present work) [24]. In addition to twinning, some
deformation bands also formed in the Mg—5.8Gd
sample, which were not observed in the Mg—1.7Gd
and Mg—3.7Gd samples, as shown in Fig. 5. The
main reason is that non-basal slips in the sample
with more Gd addition have a higher activity,
resulting in a lower twinning activity. Therefore, it
produced another deformation mode, that is,
deformation bands formed to adapt to the local
stress concentration during swaging. However, it is
worth noting that only a small number of
deformation bands were observed in the Mg—5.8Gd
sample. This should not be the main reason for the
different grain/subgrain sizes obtained by different
Gd additions.

As the swaging process continued, the
formation of dislocation arrays dominated the
further refinement of the twin lamellae and the
deformation bands. As discussed in Section 4.1,
adding more Gd to Mg alloys could more
effectively inhibit the dissociation of non-basal
dislocations and promote the formation of more

non-basal dislocations. Logically, the higher
activity of non-basal slip further promotes the
formation of more dislocation arrays in the Mg—Gd
binary alloys. Therefore, a finer submicrostructure
could be obtained through segmentation by more
dislocation arrays, which resulted in a finer
grain/subgrain size in the Mg alloys with increasing
Gd content.

5 Conclusions

(1) Adding Gd to a-Mg alone can achieve a
significant grain refinement via rotary swaging,
resulting in the significant improvement in
microhardness and strength. After the same 5-pass
swaging, the increments in yield strength of the
Mg—1.7Gd, Mg—3.7Gd, and Mg—5.8Gd alloys are
191, 257 and 281 MPa, respectively, showing the
much higher increment than that of pure Mg
(24 MPa).

(2) Dislocation arrays have not been observed
within the lamellae or in the matrix of the pure Mg.
The difficulty in forming dislocation arrays is
attributed to the much lower activity of non-basal
slips in the pure Mg during swaging.

(3) The nanocrystallization process in the
Mg—Gd alloys includes the dominant twinning
process first, and further refinement through
forming massive dislocation arrays.

(4) The grain refinement effect after swaging is
obviously enhanced with increasing Gd content in
a-Mg. The average grain/subgrain sizes of the
Mg—1.7Gd, Mg—3.7Gd and Mg—5.8Gd alloys after
S5-pass swaging are approximately 298, 180 and
87 nm, respectively. The critical content of Gd
addition for the refinement of the grain size below
100 nm in Mg—Gd binary alloys is estimated to be
about 5.4 wt.%.
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1. R R WIRIN T 54 TR, K> 410083;
2. WK% BAEEMAR, Kb 410083

i OE: R RN R AE S R TR Gd TR RO AR B G BRI S . &
T, BT ABETIRAE AL FES, e RESEI ARG, ML R, BRI Gd, RS EES S
AR R FE . R BT B, AEBEAT Mg-Gd A& AR S R . BEAE I e T Ak ek, AR LAl
B, WRZWAERTAASTE Meg-Gd &4 TIEM, XM T Mg-Gd &4 T HERESIIE K, SEEEHKL. b
# Gd FHEEEM, Mg-Gd & MR RCOR B2 57T, FRgIEE 100 nm LU RIIG S Gd S8R LN 5.4%(FUHE
5340
KR Mg-Gd &4 Alek: 9K P8 AEERES
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