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Abstract: An extruded Mg—8Gd—4Y—1Nd—0.5Zr alloy was pre-heated at 470 °C for 1 h and subsequently compressed at 470 °C and
two strain rates of 0.2 and 0.0003 s '. Microstructure, texture and mechanical properties of the alloy were examined by optical
microscopy (OM), scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), hardness test and tensile test. The
results show that the post-deformed microstructures of alloy are non-uniform at both strain rates due to the dissolution of RE-rich
particles and the occurrence of DRX. The textures of post-deformed alloy are affected by strain rate. The alloy exhibits a strong basal
texture of (0001)//ND (normal direction) after compression at 0.2 s”!, while a weak texture component of (0001)//ED (extrusion
direction) is formed in the compression obtained at 0.0003 s '. Compared with the alloy compressed at 0.0003 s ', the compressed
alloy obtained at 0.2 s ' presents better comprehensive mechanical properties with the ultimate tensile strength of 426 MPa, yield

strength of 345 MPa and ductility of 2.1% when being aged at 225 °C for 8 h.
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1 Introduction

Magnesium alloys with additions of rare-earth (RE)
elements, such as Gd and Y, have received tremendous
attentions in the automobile and aerospace industries due
to their low density and high specific strength [1,2]. New
cast Mg—RE alloys have relatively good comprehensive
properties after peak ageing, with ultimate tensile
strength higher than 300 MPa, yield strength higher than
210 MPa and ductility of 6% [2]. Mg—RE alloys are
often subjected to high temperature deformation when
non-basal slip systems can be activated [3], and
increasing interests are attracted in developing Mg—RE
alloys with a good combination of strength and
formability by manipulating deformation parameters and
heat treatments. The compressed and peak-aged Mg—RE
alloy presents an ultimate tensile strength of 416 MPa, a
yield strength of 317 MPa, and an elongation of
2.7% [4].

Much work has been done to understand the
temperature effect [5—10]. Temperature has a great

impact on the solid solubility of RE elements in
Mg matrix which drops quickly with decreasing the
temperature [5]. Dynamic precipitation can take place
during the hot deformation of Mg—RE alloys at
450 °C [6-8,11], while RE-rich particles will extensively
dissolve into the matrix when the deformation
temperature is up to 500 °C [9,10]. The interaction
between RE-rich particles and the migration of grain
boundaries will affect not only dynamic recrystallization
behavior [12,13] but also mechanical behavior of
Mg—RE alloys [6—10,14]. It is well known that low
temperature and high strain rate easily induce a high
stress concentration, leading to the formation of voids
and further nucleate cracking [15,16]. The flow stress
and strain rate sensitivity increased with increasing strain
rate during compression of an extruded Mg alloy [17].
Recently, distinct differences in microstructure and
texture of a Mg—RE alloy during hot compression at two
deformation temperatures and the same strain rate have
been reported, which has been attributed to the disparity
brought by dynamic precipitation at low temperatures
and dynamic dissolution at high temperatures. For more
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details, please refer to Ref. [10]. In this work, a
Mg—8Gd—4Y—-1Nd—0.5Zr (wt.%) alloy has been
compressed at 470 °C under two different strain rates.
The role of strain rate in the formation of microstructure,
texture and mechanical properties has been
systematically investigated.

2 Experimental

The extruded Mg—8Gd—4Y—INd—0.5Zr (wt.%)
plate with dimension of 210 mm x 70 mm x 25 mm was
used. Before compression, the plate was pre-heated at
470 °C for 1 h. The compression was finished in one
pass along the normal direction (ND) at 470 °C. Two
strain rates of 0.2 and 0.0003 s~' were applied. The final
compression strain of was 0.69. After compression, the
sample was immediately quenched into cold water.

Microstructural examination was performed by
Olympus DP 70 Optical Microscope (OM) and Leo 1530
Field Emission Gun-Scanning Electron Microscope
(FEG-SEM). The average grain size of the alloys was
obtained using a mean linear intercept method. The
average diameter and area fraction of precipitates were
calculated using Image J. HKL commercial software was
used to determine the textures of samples before and
after compression based on the electron backscatter
diffraction (EBSD) tests. And all EBSD maps were
obtained on planes perpendicular to extrusion direction
(ED).

The cylindrical samples with 5 mm in diameter and
30 mm in length along ED were cut for tensile testing at
room temperature. Tensile tests were finished on an
Instron 50 kN 3369 test machine at a crosshead speed of
1 mm/min. Gauge length of about 25 mm was marked on
each tensile sample to measure the elongation after
fracture. Three specimens were tested for each condition.
The compressed samples were aged at 225°C for
different time. The hardness tests were performed on a
HV—10B hardness tester with a load of 29.4 N.

3 Results

3.1 Before compression
3.1.1 Microstructures

Figure 1 shows the microstructure of the pre-heated
alloy which displays a uniform grain structure. Its
average grain size is ~6 um. Plenty of irregularly-shaped
particles are preferably distributed along grain
boundaries (Fig. 1(a)). The area fraction and average
diameter of particles are ~6.7% and ~1.1 pm (Fig. 1(b)).
The particles in the alloy are most likely
Mgs(Gd,Y) [18,19].
3.1.2 Micro-texture

EBSD results of the pre-heated alloy are presented

in Fig. 2. In the orientation map (Fig. 2(a)), thin white
line represents low-angle grain boundaries (LAGBSs,
grain boundaries misorientation <15°) and thick black
line indicates high-angle grain boundaries (HAGBs,
grain boundaries misorientation >15°). The complete

Fig. 1 Microstructure of pre-heated alloy: (a) OM image;
(b) SEM image
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Fig. 2 EBSD results of pre-heated alloy: (a) Orientation map;

(b) Inverse pole figures (IPFs)
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dark areas in Fig. 2(a) are unindexed points during
EBSD scanning. As seen, equiaxed grains dominate in
the microstructure of the pre-heated alloy, with few
LAGBs detected in several large grains. Figure 2(b)
gives the corresponding inverse pole figures (IPFs). The
alloy principally orientates with c-axes of grains parallel
to ND. The texture is pretty weak with the maximum
intensity of 1.47.

3.2 After compression
3.2.1 Microstructures

Figure 3(a) shows the microstructures of the alloy
compressed at 470 °C and strain rate of 0.2 s '. The alloy
presents a rather broad grain size distribution. Some
large grains and extra-coarse particles are elongated
parallel to TD. Grains are extra-large when fewer
particles are distributed around them due to the lack of
pining. Figure 3(b) exhibits the microstructure of the
alloy compressed at 470 °C and strain rate of 0.0003 s '
The above-mentioned large long grains are not observed.
Equiaxed grains dominate in the microstructure. Particles
are distributed more randomly in this alloy. As seen in
Fig. 3, both the grain structure and the distribution of
particles of the compressed samples become
heterogeneous after compression at 470 °C. Some long
grains with less particles pinned around appear in the
compressed alloys.

Figure 4 shows the SEM images of the compressed
alloys to observe the morphology and distribution of

Fig. 3 OM images of alloys compressed in different conditions:
(a) 470 °C, 0.2 s '; (b) 470 °C, 0.0003 s '

Fig. 4 SEM images of alloys compressed in different conditions:
(a) 470 °C, 0.2 s '; (b) 470 °C, 0.0003 s~

particles. As observed, the coarse particles are irregularly
shaped, and they have a slight trend to align along TD.
The area fraction and average diameter of the particles
are calculated. During compression, particles become to
dissolve into the matrix. Specifically, the area fraction
and average diameter of particles in the sample
compressed at 470 °C and 0.2 s are ~3.6% and ~1.2 pm,
respectively, close to ~3.9% and ~1.4 um of the sample
compressed at 470 °C and 0.0003 s
3.2.2 Micro-texture

Figure 5 presents EBSD results of the compressed
samples. Orientation maps (Figs. 5(a) and (b)) show
more details in grain size distribution. Figure 5(a)
exhibits the non-uniform grain structure of the sample
compressed at 470 °C and strain rate 0.2 s '. Bands of
fine grains form between bands of large grains. Moreover,
the bulging of grain boundaries is obvious, indicating the
occurrence of discontinuous dynamic recrystallization
(DDRX) during compression. In addition, one isolated
fine grain forms inside a large grain (as arrowed in
Fig. 5(a)), and this may result from the particle
stimulated nucleation (PSN) due to the presence of
RE-rich particles. Figure 5(b) shows a district of
relatively equiaxed grains in the sample compressed at
470 °C and strain rate of 0.0003 s ', with some extra-
large grains surrounded by numbers of small grains.
DDRX has also occurred according to the apparent grain
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Fig. 5 EBSD orientation maps (a, b) and inverse pole figures (c, d) of alloys compressed in different conditions: (a, ¢) 470 °C, 0.2 s ';

(b, d) 470 °C, 0.0003 s~

boundary bulging (as arrowed in Fig. 5(b)).

The corresponding inverse pole figures are shown in
Figs. 5(c) and (d) which show distinct texture
components of the compressed samples. Figure 5(c)
depicts a strong texture type of (0001)//ND (normal
direction) with the maximum intensity of 3.61 in sample
compressed at 470 °C and strain rate of 0.2 s™'. C-axes of
grains are principally orientated parallel to ND. For the
sample compressed at 470 °C and strain rate of
0.0003 s ', a weak texture component is distinguished as
(0001)//ED (extrusion direction) with the maximum
intensity of 1.62 in Fig. 5(d).

3.2.3 Ageing behavior

The age-hardening behavior of the compressed
samples is shown in Fig. 6. It is seen that, the two
compressed alloys present almost the same original
hardness values of HV 85.6 and HV 84.3, respectively.
However, the compressed alloy obtained at the strain rate
of 0.2 s™' shows a slightly higher level of hardenability
than the alloy obtained at 0.0003 s', and it is interesting
to notice that two samples reach the same peak hardness
value of HV ~126 after 12 h ageing.

3.2.4 Mechanical properties

The tensile properties including yield strength (YS),
ultimate tensile strength (UTS) and ductility (J) of the
compressed samples are presented in Fig. 7. Obviously,
the compressed sample obtained at the strain rate of
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Fig. 6 Ageing hardening response of compressed samples with
ageing time

02s' shows better comprehensive mechanical
properties than those of the compressed sample obtained
at the strain rate of 0.0003 s™'. YS, UTS and 6 of the
former sample are 247 MPa, 307 MPa and 10%,
respectively. As seen in the ageing hardening curve in
Fig. 6, the compressed alloy has almost arrived the
highest hardness after ageing for 8 h and the hardness
value is very steady during 7-10 h ageing. Thus, the 8 h
aged samples have been chosen which are expected to
present the best comprehensive properties. After ageing
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at 225 °C for 8 h, the strengths are greatly enhanced with
YS of 345 MPa and UTS of 426 MPa. Note that the
strengths of the compressed sample obtained at the strain
rate of 0.0003 s™' are not improved too much after 8 h
ageing, but the ductility drops a lot, from 9.5% to 1.4%.
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Fig. 7 Mechanical properties of compressed samples at room
temperature (Results shown are averages of three tests)

4 Discussion

4.1 Microstructural evolution

The equilibrium Mgs(Gd,Y) phase was sensitive to
deformation  temperature. In the compression
temperature range of 300—400 °C, the phase precipitation
took place, whereas it did not occur when the
temperature exceeded 450 °C [8]. In the present study,
the relativlely high compression temperature of 470 °C
leads to the dissolution of Mgs(Gd,Y) phase during
compression, subsequently weakening the inhibition of
grain boundary motion and promoting grain growth,
which has been verified in Fig. 3. In the compressed
samples, the particle features including area fraction and
average diameter close to each other also indicate that
the evolution of particles is mostly influenced by the
deformation temperature rather than strain rate.

As seen in Figs. 1 and 2, the pre-heated sample
shows a microstructure of equiaxed grains due to static
recrystallization. During compression at 470 °C, DRX
becomes active to affect the compressed microstructures.
The average grain sizes of the compressed samples are
larger than those of the pre-heated sample with the
occurrence of DRX and the dissolution of RE particles.
In fact, DDRX is observed during compression in Fig. 5.
During DDRX process, new grains nucleate
preferentially at the original grain boundaries by grain
boundary bulging due to strain-induced boundary
migration [20]. One compressed sample was obtained at
the strain rate of 0.2 s ' which is three orders of
magnitude larger than the sample obtained at 0.0003 s,
so its compression process was finished much faster than
the latter. Therefore, there may be no enough time for

diffusion to take place. The case that some grains can
absorb more energies than some others happens more
often in the former compressed sample, leading to a
bimodal grain structure distribution composed of
extra-fine DRX grains and coarse DRX grains, as seen in
Fig. 5(a). Such a bimodal microstructure resulted from
hot deformation of Mg alloys was reported in other
studies as well [21,22]. The decreasing inhibition from
RE particles can amplify the phenomenon. Furthermore,
since the latter compressed sample was formed at 470 °C
and 0.0003 s', which can be supposed as a kind of
superplastic ~ deformation when the deformation
mechanisms of grain boundary sliding (GBS) and grain
boundary diffusion generally participate. It has been
experimentally demonstrated for both Mg alloys and Al
alloys that GBS can be activated at low strain rates
[19,23,24]. GBS can be aided by grain boundary
diffusion and the importance of grain boundary diffusion
increases with decreasing strain rate [25—27]. Hence, for
the latter compressed sample, its grain structure may
result from DDRX and PSN, and is decorated with
equiaxed grains also due to superplastic deformation.

4.2 Effect of strain rate on texture evolution

The addition of RE elements can significantly
modify and weaken the deformation texture of Mg
alloys [28—30]. In a previous work, the studied alloy was
pre-heated at 500°C for 0.5h and subsequently
compressed under three conditions of 500 °C, 0.2 s/,
450 °C, 0.2 s 'and 450 °C, 0.0003 s". It was found that
the further dissolution of particles into the matrix during
compression contributed to the formation of a normal
basal texture component in the compressed alloy.
Nevertheless, the occurrence of dynamic precipitation
during compression induced severe pinning -effect,
leading to random and weak textures [10]. The present
work further exhibits the effect of strain rate on texture in
the dynamic dissolution state. In the compressed sample
(470 °C, 0.2 s "), the non-uniform release of deformation
energy causes heterogeneous grain size distribution,
which brings about the anisotropy and a relatively strong
texture. The formation of the compressed sample (470 °C,
0.0003 s') is similar as a kind of superplastic
deformation, and the related deformation mechanisms
generally result in random alignments of equiaxed grains,
i.e., weak texture. DDRX and PSN mechanisms also
contribute to the texture evolution, but both result in
random textures during hot deformation of Mg
alloys [31]. Therefore, the former compressed sample
exhibits a strong basal texture of (0001)//ND (Fig. 5(c))
which has also been explained in Ref. [10], while the
maximum texture intensity of the latter compressed
sample is 1.62. Also, another texture component of
(1121)//ED is detected, which is known to be a



Yi-ping WU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 976-983 981

recrystallization effect due to orientations appearing in
RE containing Mg alloys [30].

4.3 Effect of strain rate on mechanical properties

The hardness values of the compressed sample at
470 °C, 0.2 s ' are slightly higher than those of the
compressed sample at 470 °C, 0.0003 s™' with the same
ageing time. Considering the same alloying chemistry
and similar particle features, the similar hardening rates
are expected. However, the presented ageing behavior in
Fig. 6 does not accord with the expectation. In the first
2 h ageing, the hardening rate of the former compressed
sample is higher than that of the latter compressed
sample. With ageing time increasing to the second stage
of 2—5 h, the hardening rate of the latter compressed
sample is beyond that of the former compressed sample
in turn. And finally, the two hardening rates are close to
each other, and the discrepancy becomes tinier with
increasing ageing time increasing from 5 to 12 h. As
shown in Fig. 3, although the particle features of the
compressed samples are very similar, the former
compressed sample still has a ~0.3% area fraction less
than the latter. Furthermore, as seen in Figs. 5(a) and (b),
a higher fraction of LAGBs are observed in the former
than in the latter, which is reasonable if we consider the
different strain rates employed in the two samples. Thus,
the former can show higher hardness values than the
latter at the same ageing time because of a little bit lower
area fraction of particles precipitated. But with sufficient
ageing time, both samples can gain strong strengthening
effects, such as the same peak value at 12 h. Ageing
cannot change the grain structure due to its low
temperature, but it is facilitated for the disappearance of
substructures in samples. This further accounts for the
continuous declination of hardening rate of the former.

Figure 4 displays that microstructures of both
compressed samples are not as uniform as that of the
pre-heated sample in Fig. 2, and Fig. 5 shows more
details of grain structures in the compressed samples.
The compressed sample (470 °C, 0.2 s™') consists of
bands of extra-fine grains and bands of coarse grains. A
way to improve the ductility of alloys is producing a
bimodal microstructure. In a somewhat simplistic view,
coarse grains provide enhanced ductility and ultra-
fine/nano grains were responsible for high strength [32].
Furthermore, according to the textures of the compressed
samples in Figs. 5(c) and (d), such texture in the
compressed sample (470 °C, 0.0003 s ') restricts the
availability of potentially active basal slip during tensile
testing along ED at room temperature. Therefore, the
latter compressed sample may break earlier than the
former, which is detrimental for both ductility and
strengths. The comprehensive mechanical properties of
the latter compressed sample are even worse than those

of the former compressed sample after the same ageing
treatment (225 °C, 8 h).

5 Conclusions

(1) The average grain sizes of the compressions are
larger than those of the pre-heated sample due to the
dissolution of RE-rich particles and the occurrence of
DRX during compression. Due to its feature of
superplastic deformation, the sample forming at the
strain rate of 0.0003 s ' presents a more uniform
microstructure than the sample obtained at the strain rate
of0.2s .

(2) The textures after compression are different with
changing strain rate. A strong basal texture component of
(0001)//ND is formed in the compressed sample obtained
at 470 °C, 0.2 s, while a weak texture component of
(0001)//ED is detected in the sample obtained at 470 °C,
0.0003 s,

(3) The compressed sample obtained at 470 °C,
02s' shows better comprehensive mechanical
properties than the compressed sample obtained at
470 °C, 0.0003 s '. After ageing at 225 °C for 8 h, the
yield strength, ultimate tensile strength and ductility of
the former sample can achieve 345 MPa, 426 MPa and
2.1%, respectively.
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TRBNE N, AEFRFFBCIEER
Mg—SGd 4Y—1Nd 0.5Zr EE& AL, FHFS1F M 8E

REE, RXF, THAL? HEE', R4

1. K2 ML TR, KV 410022;
2. W RFEFMEEH D AR AR, K 410200

# E: FES Mg-8Gd4Y-INd-0.5Zr 54:7F 470 °C FiBK 1 hJ5, HATHEGEAEN, EAELMIRE N 470 °C,
BIHEE I 025 F10.0003 s . FHESAEME(OM). F94 B4 (SEM). B B 7475 (EBSD). i B 81
PARRIGHT A A S RAMA L, SRR . G RRW: G E7E R IE R Ok A & 7 L AH BE UL B
4, %ﬁzA@mﬂ*Eﬁ/LiE%ﬁEﬁfE’Jéﬂ//&ﬁ? B8] o IRARA B S GN5Z NASE AR R, 7ERAR
WEN 02 s B, RS S S H SR SHRI0001)//NDEE); THERMASEZE N 0.0003 s K, S&EH
H 55 1 2000 1)//ED(H K 7 111) o BIARE RN 0.2 57" B FRAF I S 0455 15 Be AR, 78 225 °C B 2% 8 h AbFE
&, HPuhisafEik 426 MPa, JERGEFEIL 345 MPa, K ZIL 2.1%.
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