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Abstract

The evolution of microstructure and mechanical properties of the dilute Mg—Gd alloy with Mn modification were investigated
systematically in this paper. The results show that the combination of Mn and different processing states could adjust the
solid solubility of Gd in the Mg matrix, thereby changing the morphology of the second phases and improving the proper-
ties of the alloy. With the addition of 0.8 wt% Mn into the Mg—4Gd alloy, the atomic utilization ratio of Gd atoms decreases
from 61.5 to 51.8% during the water-cooling casting process, but it increases from 73.8 to 81.0% during homogenization
treatment and increases from 72.3 to 84.1% during hot extrusion. Thus, the mean diameter of granular phases of the Mg—
4Gd alloy is larger than that of Mg—4Gd—0.8Mn alloy after the isothermal heat treatment. The Mn addition has little effect
on the Hall-Petch constant Ky and Ky; of Mg—4Gd alloy, but improves the 6, value significantly due to the increase of the
atomic utilization ratio of Gd atoms. Mn element can improve the mechanical properties of Mg—4Gd alloy, and the increase
of yield strength and ductility of as-extruded Mg—4Gd—0.8Mn alloy is mainly attributed to grain refinement and the decrease

of the texture intensity.
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1 Introduction

Mg alloys have the characteristics of low density, high spe-
cific strength, and good machinability, etc., and there is a
growing interest in applying it in many fields [1-3]. Espe-
cially, Mg—Gd-based alloys have become a hot research topic
due to their excellent mechanical properties and corrosion
resistance at low, medium and high temperatures [4—8].
However, these advantages can only be brought into full play
when the amount of Gd addition is enough. That is to say, if
the solid solution utilization efficiency of Gd atoms can be
further increased in the magnesium alloys with limited Gd
addition, the unit cost of performance of Gd atom can be
significantly reduced.
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Manganese, as a traditional alloying element, can be
found in the alloy brand standard of lots of commercial mag-
nesium alloys due to its alloying and purification purposes
[9, 10]. The solid solubility of Mn in the Mg matrix is low
(0.98 at% at 650 °C) according to the Mg—Mn phase diagram
[11]. Lai [12] reported that the precipitation process of Mn
is rapid and can be completed within 5 min at a temperature
higher than 450 °C. Thus, the addition of Mn can provide
more displacement sites for the solid solution process of
other elements under certain conditions. Moreover, the Mn
particles can drag the grain boundary and inhibit DRXed
grain growth during the process of deformation, ultimately
increasing the strength of the alloy. However, the effect of
Mn addition on the solid solubility of Gd in Mg—Gd alloy is
seldom studied. The studies have shown that the grain size
has a significant effect both on hardness and yield strength
of the alloy material [13], and the Hall-Petch constant is
strongly affected by crystal type [14] and solid solute atoms
[15]. The addition of Gd has been proven to have a sig-
nificant effect on the Hall-Petch constant for yield strength
by Devarajan [16]. Nevertheless, the influence of a small
amount of Gd solute (or addition together with Mn solute)
on the hardness has rarely been studied.
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In this study, the effect of Mn modification on the evolu-
tion of microstructure and properties of alloy with limited
Gd addition during the water-cooling casting, homogeni-
zation, and hot extrusion was investigated systematically.
Furthermore, changes in the atomic utilization ratio of Gd
in the Mg matrix under different states, and corresponding
changes in the Hall-Petch constant for hardness and yield
strength were analyzed.

2 Materials and Methods

The alloy ingots were prepared from high-purity Mg
(99.99%, mass fraction), Mg—-25Gd (wt%) master alloy and
Mg-3.25Mn (wt%) master alloy by fabricating in a low car-
bon steel crucible under a mixed protective gas consisting
of SF¢ and CO, (1:100). After the melt holding at 720 °C
for 30 min, the crucible was quenched in cold water to
get a solidified bar. The actual chemical compositions of
Mg-Gd (—Mn) alloy were determined by ICP-AES (Induc-
tively-Coupled Plasma/Atomic Emission Spectroscopy), as
listed in Table 1. The size of the obtained casting ingot was
®82 mm X 250 mm (diameter X length), and the ingot pre-
pared for extrusion was turned and cut to 80 mm X 80 mm
to remove the oxide scale. The machined ingot was sub-
sequently homogenized at 350 °C for 6 h and followed by
510 °C for 18 h and cooled in air. After that, the ingots were
extruded at 430 °C to produce a final sheet with a size of
5 mm in thickness and 60 mm in width, respectively.

The samples for microstructural observation were wet
ground to a 1200 grit-finish by a SiC paper gradually and
etched using with an etchant (As-cast alloys: alcohol solu-
tion containing 4% nitric acid; As-extruded alloys: 5 mL
acetic acid, 30 mL anhydrous ethanol and an appropriate
amount of picric), and then characterized by optical micro-
scope (OPTEC, MDS) and scanning electron microscope
(SEM, Tescan Vega 3 LMH) equipped with energy disper-
sive X-ray spectroscopy (EDS). Phase constituent and the
macro-texture were determined by X-ray diffraction (XRD,
Rigaku D/Max 2500) with Cu Ka radiation, a voltage of
40 kV and a current of 100 mA. Vickers hardness tests were
carried out with a load of 100 g load and a dwelling time of
15 s. The average grain size was measured by Image Pro-
plus 6.0 software. Tensile specimens were cut from as-cast,

Table 1 The actual chemical compositions of Mg-4Gd (-0.8Mn)
alloy

Nominal composition (wt%) Actual composition (wt%)

Gd Mn Mg
Mg-4Gd 4.13 0 Bal.
Mg-4Gd-0.8Mn 3.99 0.88 Bal.
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as-homogenized, and the extruded sheet parallel to the extru-
sion direction according to the standard of GB/T 228-2002.
Tensile testing was performed on the CMT5105 omnipotent
tensile machine at room temperature with a strain rate of
2 mm/min.

3 Results
3.1 Microstructures

The optical microstructure and SEM images of the as-cast
Mg-4Gd (-0.8Mn) alloy are shown in Fig. 1. It is shown
that the matrix of as-cast samples all consist of the typical
dendritic a-Mg phase, and the variations of dendrite spacing
is negligible even if the 0.8 wt% Mn is added. The average
grain size of as-cast Mg—4Gd and Mg-4Gd-0.8Mn alloy is
1019.3 pm and 985.0 pm, respectively. During the solidi-
fication process, the particles containing Mn precipitate
preferentially and accumulate at the front end of the solid/
liquid interface, which is advantageous for hindering grain
growth and refining the microstructure of the as-cast alloy.
The second phases of Mg—4Gd alloy specimen are sparse
and exhibit several different morphologies, mainly including
granular phases and continuous irregular-laths-like phases
(see in Fig. 1a, b). The second phase of Mg—-4Gd-0.8Mn
alloy is coarsened obviously, and the distribution of them
becomes more glomerate with some of them in a lamel-
lae structure (see in Fig. 1d, e). It is easy to find that the
mean diameter of the granular phases in as-cast Mg—4Gd
alloy is smaller than that of as-cast Mg—4Gd-0.8Mn alloy.
Besides that, the volume fraction of the second phases in
Mg-4Gd-0.8Mn alloy (1.18%) is much larger than that of
Mg-4Gd alloy (0.40%), indicating that the addition of Mn
promotes the formation and growth of the second phase.
EDS line scanning is employed to analyze element concen-
tration trends. The intensity of the Gd element in as-cast
Mg-4Gd alloy reaches the peak value at the white area
(see in Fig. 1c), while both Gd and Mn elements in as-cast
Mg-4Gd-0.8Mn alloy reach the peak intensity at the same
site (see in Fig. 1f). That indicates that Mn atoms may be
dissolved in the MgGd phase or participate in the formation
of the MgGd phase.

The XRD pattern and analysis result of as-cast Mg—4Gd
(-0.8Mn) alloy are shown in Fig. 2, indicating that the addi-
tion of Mn element does not lead to the formation of any new
phases with Mg or Gd. However, the intensity of diffraction
peak of MgsGd phase increases due to the addition of Mn,
meaning that Mn element can promote the formation of the
MgsGd phase during the water-cooling casting process.

The optical microstructure, SEM images, and EDS results
of as-homogenized Mg-4Gd (—0.8Mn) alloy are shown in
Fig. 3. After homogenization treatment, the average grain
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Fig. 1 Optical microstructure,
SEM images, and EDS line
scanning results of as-cast sam-
ples: a—¢ Mg—4Gd alloy; d—f
Mg-4Gd-0.8Mn alloy

Intensity(a.u.)

20(°)

Fig.2 XRD pattern and analysis result of as-cast alloys: a Mg—4Gd
alloy; b Mg—4Gd-0.8Mn alloy

size of the as-homogenized Mg-4Gd and Mg—-4Gd-0.8Mn
alloys increases to 1445.8 and 1362.5 pm, respectively. Nee-
dle-like (mean length of 2.36 pm, mean width of 0.35 um)
phases parallel to each other and irregular granular (mean
diameter of 2.14 um) phases can be observed obviously in
Mg-4Gd alloy (see in Fig. 3a, b). Based on the analysis
of SEM-EDS, the needle-like phase (S2) is considered as
GdH,, which is consistent with the previous reports [17-19].
The smaller irregular granular phase (S3) consisting of Mg

and Gd elements may be deemed as MgsGd phase (atom
ratio of Mg and Gd closed to 5:1), and the larger irregular
granular phase (S1) is abounded in Gd (or Gd-rich phase)
(atom ratio of Mg and Gd closed to 1:2). However, with Mn
addition as Mg—4Gd—0.8Mn alloy, the needle-like phases
disappear largely, and the mean diameter of the granular
phases decreases obviously as 0.70 um (see in Fig. 3c, d).
The irregular granular phase (S4) may also be evaluated as
MgsGd phase due to their atom ratio. As for some darker
phase with a high concentration of Mn as S5, the Mn atoms
may be dissolved in the Mg—Gd phase or participate in the
formation of the Mg—Gd phase. By statistic, after homog-
enization treatment, the area fraction of second phases in
Mg—4Gd alloy increases sharply from 0.35 to 1.84%, while it
remains nearly constant as 1.22% in Mg—-4Gd-0.8Mn alloy.
That attributes to the coarsening of second phases, and the
increase in solute solubility of Gd by Mn addition during the
homogenization treatment.

As shown in Fig. 4, both the as-extruded Mg—4Gd and
Mg-4Gd—0.8Mn alloys exhibit homogeneous equiaxed grain
structure, indicating fully recrystallization occurs during hot
extrusion [20]. Although Mn has no grain refining effect for
as-cast Mg—Gd alloy, it can work for refining the extrusion
sample. The average grain size of the as-extruded Mg—-4Gd
and Mg-4Gd-0.8Mn alloy is about 8.54 and 6.54 pm,
respectively. The second phases of as-extruded Mg—4Gd
alloy distribute along the extrusion direction as extrusion
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Fig.3 Optical microstructure,
SEM images and EDS results of
as-homogenized samples: a, b
Mg-4Gd alloy; ¢, d Mg—-4Gd—
0.8Mn alloy
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Fig.4 Optical microstructure,
SEM images and EDS results of
as-extruded alloy samples: a, b
Mg—4Gd alloy; ¢, d Mg—-4Gd—
0.8Mn alloy
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streamlines, which mainly consist of rod-like phases and
granular phases (see in Fig. 4b). Based on the analysis of
SEM-EDS, the rod-like phases (S7 and S9) are considered
as MgsGd phase (atom ratio of Mg and Gd closed to 5:1).
Compared with the as-extruded Mg—4Gd alloy, Mn can be
observed in some phases of Mg—4Gd—-0.8Mn alloy, show-
ing that Mn atoms may be dissolved in the MgGd phase
(see in S10-12). By statistic, after the extrusion process, the
area fraction of second phases in Mg—4Gd alloy (1.60%) is
almost as same as that in the Mg-4Gd—0.8Mn alloy (1.65%).

The X-ray basal pole figures of the as-extruded Mg—4Gd
(—-0.8Mn) alloy are shown in Fig. 5. The macro-texture data
shows that a strong basal texture exists in the as-extruded
Mg—-4Gd alloy, and the c-axis is tilted away from the ND
towards the ED with two basal poles mainly along the ED.
Due to the tilted basal poles and the absence of twins, the
<a+c> pyramidal slip is needed and is also favorably ori-
ented for the chosen deformation geometry [21]. The activa-
tion of <a+c> slip leads to an increasing tendency of basal
poles rotate from ND toward ED. Thus, the tilt of basal poles
is most likely attributed to the pyramidal <a+ c> slip. The
peak texture intensity of as-extruded Mg—4Gd alloy reaches
17.0, while it reduces significantly to 7.9 for as-extruded

Fig.5 {0001} pole figures

and inverse pole figures of as- (@) RID
extruded alloy a Mg—4Gd alloy;

b Mg—4Gd-0.8Mn alloy

(b)

RD

Mg-4Gd-0.8Mn alloy. With the addition of 0.8 wt% Mn,
the basal plane of most grains is preferentially parallel to
ED, and the off-basal component is gradually reduced.
Furthermore, the spread of the basal texture of as-extruded
Mg-4Gd-0.8Mn alloy becomes more dispersive. The above
results indicate that the addition of 0.8 wt% Mn can be a
practical approach to modify the basal texture.

3.2 Mechanical Property

The mechanical properties of as-cast, as-homogenized,
and as-extruded Mg—4Gd (-0.8Mn) alloy are shown in
Fig. 6. The tensile yield strength (TYS), ultimate tensile
strength (UTS), and elongation (EL) of as-cast Mg—4Gd
alloy are relatively weak with just 21.53 MPa, 49.53 MPa,
and 4.04%, respectively. With 0.8 wt% Mn addition, the
TYS, and UTS of the alloy are improved to 31.76 MPa,
72.76 MPa, respectively, while the EL decreases (see in
Fig. 6a and Table 2). After homogenization treatment,
the strength of Mg—4Gd alloy decreases, but the strength
of Mg—-4Gd-0.8Mn alloy increases. The TYS, UTS, and
EL of as-homogenized Mg—4Gd alloy are improved with
0.8 wt% Mn addition, by about 29 MPa, 74 MPa, and 2.7%,
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Fig. 6 Mechanical properties of s - 38
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of Mg-4Gd (-0.8Mn) alloy As-cast Mg—4Gd alloy 21.53 49.53 4.04 52.58
As-cast Mg—-4Gd-0.8Mn alloy 31.76 72.76 1.74 49.07
As-homogenized Mg—4Gd alloy 16.82 41.51 6.23 45.50
As-homogenized Mg—4Gd—0.8Mn alloy 45.03 115.90 7.91 41.10
As-extruded Mg—4Gd alloy 69.41 164.55 24.00 52.78
As-extruded Mg—4Gd-0.8Mn alloy 101.33 184.00 27.82 53.37

respectively (see in Fig. 6b and Table 2). After hot extru-
sion, both the Mg—-4Gd and Mg—4Gd-0.8Mn alloys exhibit
the best tensile properties (see in Fig. 6¢ and Table 2). The
TYS, UTS, and EL of the as-extruded Mg—4Gd alloy are
only 69.41 MPa, 164.55 MPa, and 24.00%, respectively.
However, with the 0.8 wt% Mn addition, the alloy exhibits
a TYS of 101.33 MPa with an increment of about 46.0%,
a UTS of 184.00 MPa with an increment of about 11.8%,
and an elongation to failure of 27.82% with an increment of
about 15.9%. All of these indicate that the Mn element can
improve the tensile properties of Mg—4Gd alloy.

Figure 6d shows the hardness values of the as-cast, as-
homogenized, and as-extruded Mg—4Gd (-0.8Mn) alloy.
The hardness of as-cast Mg—4Gd alloy is 52.58 HV, and
it decreases to 45.50 HV after the homogenization and
increases to 52.78 HV after extrusion. But with the addi-
tion of 0.8 wt% Mn, the hardness values of as-cast and as-
homogenized samples decrease by 6.7% (49.07 HV) and
9.7% (41.10 HV), respectively. The hardness of as-homog-
enized Mg—4Gd (-0.8Mn) alloy decreases for the significant
coarsening of the grain. Conversely, after hot extrusion, the
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hardness of them increases for grain refinement. Besides, the
hardness of as-extruded Mg—4Gd—0.8Mn alloy is slightly
larger than that of as-extruded Mg—4Gd alloy, indicating that
Mn has a positive effect on the improvement of hardness.

4 Discussion

4.1 Morphology Evolution of the Second Phase
and Variation in Solid Solubility of Gd

The schematic diagram of the morphology evolution of the
second phase is shown in Fig. 7. It indicates that the mor-
phology of the second phase can be modified by combining
Mn with different processing states. Mn has a negligible
effect on grain size of as-cast Mg—Gd alloy for its relatively
lower growth restriction factor (GRF) [22, 23] in magnesium
alloy, while it has a significant effect on the morphology of
the second phases (see in Figs. 2 and 7). An EDS analysis
of more than twenty points is performed for each sample to
identify the solute solubility of Gd in the alloy matrix (or
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Fig.7 Schematic diagram of morphology evolution of the second
phases: a Mg—4Gd alloy and b Mg—4Gd-0.8Mn alloy

called atomic utilization ratio), and the results are shown
in Fig. 8 and Table 2. Mn can increase the volume fraction
of the second phases in the as-cast alloy, due to the higher
supersaturation solubility of Mn and the decrease of atomic
utilization ratio of Gd from 61.5 to 50.8% during the water-
cooling casting process.

During the homogenization treatment of as-cast Mg—Gd
(-0.8Mn) alloy, the decomposition and precipitation of the
second phases in supersaturated solid solution co-occur
[24]. The second phases with lamellar structure in as-cast
Mg-4Gd alloy gradually transform into short-bar and granu-
lar phases (see in Figs. la and 3a); the phases in as-cast
Mg-4Gd-0.8Mn alloy gradually transform into granular sec-
ond phases (see in Figs. 1c and 3c). The morphology evolu-
tion of the second phases (see in Fig. 7) during the homog-
enization treatment, meets the rule of the thermodynamic
formula for homogeneous nucleation of the second phase,

AGyye = =VAGv + Ac (1)

In which AG, is the volume free energy change of the
nucleation, o is the surface energy of the interface between
the two phases. A is the surface area of the nucleus, and V
is nucleation volume. As it is well known, both the continu-
ous irregular-laths-like phases and the phases in a lamellar

structure are unstable. Thus, these morphology change of
the phases in as-cast Mg—4Gd (-0.8Mn) alloy can reduce
the Gibbs free energy of the system. Moreover, the addition
of Mn decreases the volume fraction of short-bar phases
of the Mg—Gd alloy, indicating that Mn can accelerate the
reduction of the Gibbs free energy.

During the homogenization treatment, some of the
MgsGd phases dissolve into the Mg matrix, and some of
the Gd-rich phases are left. During isothermal heat treat-
ment, the atomic utilization ratio of Gd in both Mg-4Gd
and Mg—4Gd-0.8Mn alloy increases obviously from 61.5
to 73.8% and 50.8 to 81.0%, respectively; and the solid
solubility of Mn in Mg—4Gd—0.8Mn alloy decreases from
0.42 to 0.18 at%. The results show that the addition of Mn
increases the atomic utilization ratio of Gd in Mg-matrix,
and the precipitation process of Mn is not completed, which
is different from the report by Lai [12]. The mean diameter
of the granular phases in as-homogenized Mg—Gd alloy
(2.14 pm) is bigger than that of as-homogenized Mg—Gd
alloy (0.70 pm), as shown in Fig. 3a, ¢, which is following
“diffusion and growth” model [25] and Ostwald ripening
theory [26]. Since the size of MgGd phases is not uniform,
the solute concentration near the small size MgGd phase is
higher than that near the big size MgGd phase. Under the
driving force from concentration difference, the Gd atoms
near the small size MgGd phase will diffuse to the big size
MgGd phase directionally. Thus, the smaller size MgGd
phases will become less in number, and the big size MgGd
phases will become larger in size. However, the addition
of 0.8 wt% Mn decreases the atomic utilization ratio of Gd
from 61.5 to 50.8% during the water-cooling casting, which
leads to the concentration difference around the small size
phases in as-cast Mg—4Gd alloy is higher than that in as-cast
Mg-4Gd-0.8Mn alloy. Finally, the size of granular phases
in as-homogenized Mg—Gd alloy is larger than that in the
as-homogenized Mg—4Gd-0.8Mn alloy.

During hot extrusion, the larger second phases are crushed
into smaller particles, and the DRX occurs, as indicated in
Fig. 5. The average grain size of as-extruded Mg—4Gd alloy
is larger than that of as-extruded Mg—4Gd—0.8Mn alloy,

Fig.8 Variation in solid solubil-
ity of Gd in Mg matrix of the
alloy specimens: a Mg-4Gd

- Solid solution content
Unsolved content

(a) - Solid solution content (b)

E Unsolved content

alloy and b Mg—4Gd-0.8Mn
alloy

Atomic utilization ratio of Gd (%)

As-cast

As-homogenized

Atomic utilization ratio of Gd (%)

As-extruded

As-homogenized

As-cast As-extruded
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Table 3 The solid solubility
and relative proportion of Gd

Mg-4Gd alloy

Mg-4Gd—0.8Mn alloy

atom (and Mn atom) in the Mg

Gdg,/relative proportion

fv (%)  Gdg,frelative proportion  Mng,, v (%)

matrix, and the volume fraction
of the second phases (fv) of the
alloy in different states

As-cast
As-homogenized
As-extruded

0.40 at%/61.5%
0.48 at%/73.8%
0.47 at%/72.3%

042at%  1.18
0.18at% 122
0 at% 1.65

0.35 0.32 at%/50.8%
1.84 0.51 at%/81.0%
1.60 0.53 at%/84.1%

indicating that the precipitated Mn particles can act as
effective nucleation sites and then accelerate DRX. Further-
more, precipitates can suppress the growth of the DRXed
grain [27]. According to Table 3, the atomic utilization
ratio of Gd in as-extruded Mg—4Gd alloy decreases slightly
from 73.8 to 72.3%, while it still increases in as-extruded
Mg—-4Gd-0.8Mn alloy from 81.0 to 84.1%. Also, the solid
solubility of Mn in Mg—4Gd-0.8Mn alloy decreases from
0.18 to 0 at%, indicating that all the Mn atoms have been
precipitated completely during extrusion.

From the above analysis, the solid solubility of Gd in Mg
matrix can be regulated by combining the addition of Mn
with different processing states, due to the precipitation of
Mn atoms from the matrix and then providing more solid
solution sites for Gd atoms, which is of considerable signifi-
cance on precise control of Gd content and its efficient use
in practical production.

4.2 Evolution of Hall-Petch Constant
and Mechanical Properties

Figure 6 shows the yield strength and hardness value
of Mg-4Gd (-0.8Mn) alloy under different treat-
ments. As mentioned earlier, the grain size has a sig-
nificant effect on the hardness and strength of a poly-
crystal, which follows the Hall-Petch relationship
(H=Hy+ Kyd'"? and 6 = 6, + Kyd~'/?, where d is the
mean grain size, Hy, 0, Ky, and Ky are appropriate con-
stants that are determined experimentally). As shown in
Fig. 9, the hardness of Mg—4Gd (-0.8Mn) alloy exhibits
grain size independence. Both the Ky; value of Mg-4Gd
alloy (Kiz=0.38 kg mm~*?) and Mg-4Gd-0.8Mn alloy
(K =0.72 kg mm~*?) are small and close, indicating that
the addition of Mn has a little effect on Hall-Petch constant
Ky of dilute Mg—Gd alloy.

Nagarajan [16] reported that Gd in solution has stronger
effects on Ky value. Similarly, the Hall-Petch relation of the
studied Mg—4Gd (-0.8Mn) alloy calculated by yield strength
and grain size is shown in Fig. 10, and its corresponding
value of 6, and Ky are shown in Table 4. The values of o
and Ky for pure Mg in Table 4 are from Ref. [28]. The Ky
value of Mg-4Gd and Mg—4Gd-0.8Mn alloy are very close,
just 0.16 and 0.17 MPa-m ™", respectively. Furthermore, both
of them are lower than that of the pure Mg, which means that
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Table 4 Hall-Petch constant for yield strength of Mg-Gd (—0.8Mn)
alloy

Alloy Ky, MPam™!"2 oy, MPa
Pure Mg [28] 0.23 10.06
Mg—4Gd 0.16 14.54
Mg-4Gd-0.8Mn 0.17 34.25
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Gd has a limited strengthening effect on dilute alloy. Moreo-
ver, it also reflects on the solid solution softening effects [29]
of the dilute alloys in comparison with pure Mg, which is by
making prism slip easier. The o, value of Mg alloy can be
related to the critical resolved shear stresses (CRSS) of basal
and prism slip, which are changed by solute atoms. Thus, the
addition of Mn can improve the o, value by increasing the
atomic utilization ratio of Gd in the Mg matrix.

The as-cast Mg—4Gd alloy in this study exhibits relatively
low strength, as shown in Fig. 6a, but the Mg-4Gd-0.8Mn
alloy exhibits a higher TYS and UTS. The improvement in
strength is mainly attributed to solid solution strengthening
and dispersion strengthening. Although the solid solubil-
ity of Gd decreases slightly in Mg—4Gd-0.8Mn alloy, the
water cooling process results in a certain solid solubility of
Mn, as shown in Table 2. Moreover, the volume fraction of
the second phase in Mg-4Gd-0.8Mn alloy (1.18%) is much
larger than that of Mg—4Gd alloy (0.40%).

After the homogenization treatment, the Mg—4Gd alloy
exhibits lower TYS and UTS, while the Mg—-4Gd-0.8Mn
alloy exhibits a higher TYS and UTS, as shown in Fig. 6b.
Although the solid solubility of Gd atom and the area fraction
of second phases increase, the brittle needle-like phase and
large irregular granular phase in the as-homogenized Mg—4Gd
alloy, which are easy to induce stress concentration and form
microcracks, can provide a negative influence on TYS and
UTS. However, with the addition of Mn as Mg-4Gd-0.8Mn
alloy, the needle-like phases disappear obviously, and the
mean diameter of the granular phases decreases significantly,
leading to a significant improvement in strength.

The strength of Mg—-4Gd (—0.8Mn) alloy is improved
obviously by hot extrusion. The strengthening effect includes
the grain refinement, the precipitation of the second phase,
and solid solution strengthening. The classic Hall-Patch
relation points out that TYS is proportional to d~!/2, The
addition of Mn decreases the average grain size from 8.54
to 6.54 pm and then improves the TYS of the alloy by grain
refinement. The precipitation strengthening is almost the
same for nearly the same area fraction of the second phases,
as shown in Table 2. The atomic utilization ratio of Gd in
as-extruded Mg—-4Gd-0.8Mn alloy (84.1%) is higher than
that in as-extruded Mg—4Gd alloy (72.3%), indicating that
the addition of Mn can increase the solid solution strength-
ening. Texture is another crucial influencing factor associ-
ated closely with strength in magnesium alloys [30]. With
0.8 wt% Mn addition, the intensity of the basal texture of
Mg—4Gd alloy reduces significantly, and its spread becomes
more dispersive, as shown in Fig. 5. The possible reasons
of the weakened texture in Mn-modified samples are related
to the solid solubility of Gd element and the varied DRX
behavior during the extrusion process compared to that of
Mn-free sample. With 0.8 wt% Mn addition, the atomic uti-
lization ratio of Gd increases, which could weaken the basal

texture. Another reason can be ascribed to the varied DRX
behavior derived from secondary phase particles during the
extrusion process. Hence, the effects of thermally stable
MgGd phases and Mn particles on DRXed nucleation and
the DRXed grain growth should be analyzed. According to
the particle-stimulated nucleation (PSN) of recrystallization
theory, the size of second-phase particle has a significant
effect on DRX nucleation. In other words, large particles
(>1 pm) can act as effective nucleation sites by increas-
ing dislocation density, thereby accelerating DRX, while
fine particles (<1 pm) can induce grain boundary pinning
effects and ultimately retard DRX behavior. In this study,
the as-extruded Mg—4Gd—0.8Mn alloy has more large size
particles (> 1 pm) than that of as-extruded Mg—4Gd alloy
(see in Fig. 4). Imandoust et al. [31] reported that the DRXed
grains via the PSN mechanism have a relative random orien-
tation and result in a weakening of the overall texture. Mean-
while, it makes most of the grains be in a soft orientation
with a low Schmid factor when the tensile direction is along
ED. Therefore, the weakening intensity of basal texture in
Mg—4Gd-0.8Mn alloy would enhance its ductility. From the
above the discussion, it can be concluded that the increase in
yield strength and ductility in as-extruded Mg—4Gd-0.8Mn
alloy is mainly attributed to the grain refinement and the
decreasing of the basal texture intensity.

5 Conclusions

In this study, the evolution of microstructure and mechanical
properties of magnesium alloy with Mn modification during
the water-cooling casting, homogenization, and hot extru-
sion were investigated systematically. The main results are
summarized as follows:

1. By combining Mn addition with different processing
states, the solid solubility of Gd can be controlled to
change the morphology of the phase and improve the
properties of the alloy. With 0.8 wt% Mn addition, the
atomic utilization ratio of Gd atoms decreases from 61.5
to 51.8% during the water-cooling casting process, but
it increases from 73.8 to 81.0% during homogenization
treatment and increases from 72.3 to 84.1% during hot
extrusion.

2. Mn addition has little effect on Hall-Petch constant Ky
and Ky of Mg-4Gd alloy, but the o, value increases
significantly with the increase of the atomic utilization
ratio of Gd.

3. The strength of Mg—4Gd (-0.8Mn) alloy is improved
significantly after hot extrusion. The increase in yield
strength and ductility of the as-extruded Mg—-4Gd—
0.8Mn alloy is mainly attributed to the grain refinement
and the decrease of the texture intensity.
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