P L 4

i Wes Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 28(2018) 890—-895

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Effects of secondary phases on texture and
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Abstract: The effects of kinds of secondary phases on texture and mechanical properties of Mg—Zn—Er alloys were investigated. The
results suggest that the /-phase has a great effect on modification of the texture via the discontinuous dynamic recrystallization
mechanism (DDRX), which tends to form well-developed equiaxed recrystallized grains. Meanwhile, the W-phase plays an important
role in refining the grain size via continuous dynamic recrystallization (CDRX), companied with a higher maximum texture intensity.
Thus, the Mg—6Zn—1Er alloy containing /-phase shows a performance of higher elongation of 20.4%. The Mg—2Zn—2Er alloy
including W-phase displays a better tensile strength, and the yield strength (YS) is about 247 MPa.
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1 Introduction

Mg—Zn—RE(—Zr) system alloys attract significant
interest because they have both high strength at both
room and elevated temperatures [1]. In Mg—Zn—RE(—Zr)
alloys, the main ternary phases are the /[-phase
(MgsZngRE, icosahedra quasicrystal structure, quasi-
periodically ordered) and the W-phase (Mgs;Zn;RE,,
cubic structure) [2]. As a secondary phase, the /-phase is
stable and against the microstructure coarsening at
elevated temperature due to the low interfacial energy.
Additionally, it plays an important role in enhancing
mechanical properties of wrought magnesium alloys [3].
Therefore, the [-phase attracts more attentions in
Mg—Zn—RE(—Zr) alloy systems. LI et al [4] have
reported that the as-cast Mg—Zn—Er alloy strengthened
by the I-phase exhibited a high tensile strength and good
creep-resistant property. YUAN et al [5] have introduced
the hot extrusion (HE) process to prepare Mg—Zn—Y
alloys and Mg—Zn—Gd alloys strengthened by the
I-phase, and these alloys exhibited excellent mechanical
properties.

However, the appearance of the I-phase is generally
companied with the presence of the W-phase. It was

reported that the W-phase had weak bonding with the Mg
matrix [6]. Besides, the W-phase was easily cracked
during tensile test in as-cast Mg—Zn—Y—Zr alloys [7].
The diffusive distribution of the W-phase in Mg matrix
after thermo-mechanical working process pinned the
dislocations and contributed some  dispersion-
strengthening effect to Mg—Zn—RE alloys [8]. YANG et
al [9] reported that the uniform distribution of the
W-phase with a size of less than 1 pum reduced the
possibility of cavitation at particles, thereby enhancing
the superplastic elongation. On the whole, more attention
has been paid to the effect of both the W-phase and the
I-phase on advancing mechanical properties of
Mg—Zn—RE alloys. XU et al [10] investigated the
mechanical properties of as-extruded Mg—Zn—-Y-Zr
alloys with different Y contents. The results showed that
the strengthening effect of the /-phase was better than
that of the WW-phase because of the weak atomic bonding
between the W-phase and the Mg matrix. However, they
did not consider the effect of the volume fraction of the
secondary phase on mechanical properties of as-extruded
alloys.

Therefore, the Mg—6Zn—1Er and Mg—2Zn—2Er
alloys (identified as Alloy A and Alloy B, respectively)
which had mostly the same volume fraction of the
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secondary phases were prepared in the present work. In
Alloy A, the secondary phase was the I-phase, and the
volume fraction of the /-phase was about 3.4%. The
secondary phase in Alloy B was the W-phase with the
volume fraction of 3.2%. The texture and mechanical
properties of the as-extruded alloys were investigated.
The difference in strengthening effect between the
I-phase and the W-phase with almost the same volume
fraction was discussed in order to find the effect of the
types of secondary phase on mechanical properties,
which would be beneficial to produce a new kind of
high-performance magnesium alloy.

2 Experimental

The as-cast alloys were prepared from the pure Mg
(99.99%), pure Zn (99.9%) and Mg—30%Er (mass
fraction) master alloys in an electric resistance furnace
under an anti-oxidizing flux. The melt of about 1200 g
was poured into a steel mold, and an ingot with a size of
33 mm x 120 mm x 200 mm was obtained. The as-cast
samples were annealed at 400 °C for 10 h, and cooled
down in water of 70 °C. The cylinder with a size of
35 mm in diameter and 35 mm in height was obtained by
linear cutting from ingot as the original extrusion billet.
The billets were hot extruded into rods with a ratio of
10:1 at 400 °C and an extrusion speed of 3 mm/s.

The chemical compositions of as-cast alloys were
analyzed with X-ray fluorescence (XRF) analyzer, as
given in Table 1. The phase analysis was performed with
X-ray diffractometry (XRD) with the Cu K, radiation.
The microstructure observations were carried out with
optical microscope (OM, Zeiss-Imager.A2m), scanning
electron microscope (SEM, HITACHI S—450) and
transmission electron microscope (TEM, JEM—2000FX,
JEOL). The texture analyses by using EBSD were
conducted with scanning electron microscope (TFE-SEM,
JEOL JSM-6500F) operating at 30 kV equipped with
TSL-OIM Analysis 5 software. The average grain sizes
of as-extruded alloys were measured via a linear
intercept method. The samples for OM and SEM
observation were mechanically polished and then etched
in a solution of 4 mL nitric acid and 96 mL ethanol.
Specimens for TEM observation were prepared by ion
beam milling at an angle of incidence less than 10°
Samples for texture analysis were prepared by
electropolishing with a solution of 60% methanol, 30%
glycerol and 10% nitric acid at 25 °C for 10-30 s with a
LectroPol-5 electrolytic polisher.

Tensile test was carried out with a DNS—-20
universal testing machine under a constant speed of
1.0 mm/min at room temperature. Specimens for the
tensile test were made into dog-bone with a size of 5 mm
in gauge diameter and 25 mm in gauge length. Three
specimens were tested for each sample. All the tensile

samples were sectioned in parallel to the extrusion
direction for the as-extruded alloys.

Table 1 Chemical compositions of Mg—Zn—Er alloys (mass
fraction, %)

Alloy Zn Er Mg w(Zn)/w(Er)
A 5.9 1.0 Bal. 5.9
B 2.0 2.3 Bal. 0.87

3 Experimental results

3.1 Microstructure of as-cast alloys

The XRD patterns of as-cast alloys are shown in
Fig. 1. As suggested by the patterns, Alloy A contains
only one kind of secondary phase, i.e. the /-phase, while
Alloy B only includes the W-phase. No other phase is
detected within the sensitivity limits of X-ray diffraction
(XRD). Figure 2 shows the OM images of the as-
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Fig. 1 XRD patterns of as-cast alloys
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Fig. 2 OM images of as-annealed alloys at 400 °C for 10 h:
(a) Alloy A; (b) Alloy B
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annealed alloys. It is indicated that both of them are
composed of the interdendritic microstructure. The
particle-like and strip-like secondary phases are found at
matrix and interdendritic boundaries. The volume
fractions of the secondary phases in as-cast alloys A and
B have been measured by using an image analysis
method, the values of which are ~3.4% and ~3.2%,
respectively.

3.2 Microstructure of as-extruded alloys

Figure 3 shows the OM and SEM images of the
as-extruded alloys along the extrusion direction (ED). It
is clearly suggested that the dynamic recrystallization
(DRX) took place in the two kinds of alloys during HE.
The black regions in Fig. 3(a) and white regions in
Fig. 3(b) are the /-phase, respectively, while the similar
regions in Figs. 3(c) and (d) are the W-phase. Alloy A
shows a complete DRX microstructure covered by
almost equiaxed grains, as shown in Figs. 3(a) and (b).
Meanwhile, Alloy B shows a bimodal grain structure
consisting of fine grains and unDRXed regions, as shown
in Fig. 3(c). The average grain sizes of as-extruded alloys
A and B are 9.7 and 5.0 pum, respectively. It is found that
the average grain size of the as-extruded Alloy A is
almost twice as large as that of the Alloy B.

Figure 4 shows the inverse pole figure (IPF) maps
of the as-extruded alloys A and B taken parallel to the
extrusion direction (ED) obtained by using EBSD. In the
maps, the red color stands for the (0002) basal plane, and
the blue color represents the plane lying 90° away from
(0002) plane. The nearly identical color of two grains
means that the misorientation between grains is small.
On the whole, the two as-extruded alloys are mainly

(a)

composed of the grains exhibiting their (0002) basal
plane. Moreover, the orientation of DRX grains is more
dispersed in the as-extruded alloy A containing the
I-phase. Figure 5 displays the pole figures (PF) of
as-extruded alloys A and B corresponding to Fig. 4. It is
indicated that the two alloys exhibit a fiber texture with
the (0002) planes parallel to the extrusion direction,
which is found in the as-extruded Mg—Zn—Y—Zr alloys
universally. The maximum intensity values of the texture
in the as-extruded alloys A and B are ~7.8 and ~13.1,
respectively. The maximum intensity value of the texture
of the as-extruded Alloy B is 78% higher than that of the
as-extruded Alloy A.

3.3 Mechanical properties

The stress—strain curves and the tensile properties of
as-extruded alloys at room temperature are shown in
Fig. 6. The values of mechanical properties are given in
Table 2. It can be found that the values of the ultimate
tensile strength (UTS) of as-extruded alloys A and B are
almost similar. However, there is a great difference in the
yield strength (YS) and the elongation between the
Alloy A and the Alloy B. The value of YS of the
as-extruded alloy A is about 181 MPa with an elongation
of 20.4%. Meanwhile, the YS of the as-extruded alloy B
is about 247 MPa with an elongation of 12.1%. It is
found that the YS of the as-extruded alloy B is higher
than that of the as-extruded alloy A because of the
presence of the W-phase. The YS of as-extruded alloy B
is improved by ~66 MPa, compared with the as-extruded
alloy A. Meanwhile, the elongation of as-extruded alloy
A is higher than that of the as-extruded alloy B
obviously.
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Fig. 4 Inverse pole figure maps of as-extruded alloys: (a) Alloy
A; (b) Alloy B
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Fig. 5 Pole figures of as-extruded alloys: (a) Alloy A; (b) Alloy
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Fig. 6 Stress—strain curves of as-extruded alloys tested under
constant speed of 1.0 mm/min at room temperature

Table 2 Mechanical properties of as-extruded Mg—Zn—Er
alloys at room temperature
Volume fraction of UTS/ YS/ Elongation/

Alloy
secondary phase/% MPa MPa %
Mg—6Zn—1.0Er 34 284 181 20.4
Mg—2Zn—2Er 32 279 247 12.1

4 Discussion

It is well known that the magnesium and its alloys
are short of ductility because of the hexagonal
close-packed (HCP) crystal structure [11]. Thus, the
magnesium alloys are wusually wrought at high
temperature as result of the activation of the DRX. The
DRX played an important role in refinement of grains
and modification of the texture which strongly influences
mechanical properties of magnesium alloys [12—16]. The
DRX is considered to be introduced by shear band
induced nucleation [17,18], deformation twins induced
nucleation [19] and particle stimulated nucleation
(PSN) [20,21]. Especially, the PSN has a great effect on
developing the high-ductility magnesium alloys. The
secondary phase particles have been thought as the
heterogeneous nucleation sites for the recrystallized
grains with random orientations, leading to a weak
texture. It is well known that the addition of Er into
Mg—Zn alloys leads to the precipitation of the
Mg—Zn—Er ternary phases which mainly includes the
I-phase (Mg;ZngEr) and the W-phase (Mg;Zn;Er,) [22].
The presence of the I-phase and W-phase plays an
important role in activating the DRX via PSN.

As reported, the distribution, volume fraction and
native physical properties of the secondary phase
influence the microstructure of Mg—Zn—Er alloys via
DRX [23]. The I-phase displays a low interfacial energy,
leading to a good bonding with the matrix, and the
fivefold and twofold planes of the /-phase match with
the basal and prismatic planes of the matrix,
respectively [24,25]. It generally distributes at the grain
boundaries discontinuously as well as at matrix with a
round morphology. Meanwhile, the W-phase with a
face-centered cubic (FCC) structure is coarse and brittle,
and thus it is easy to be broken under stress
concentration because of impediment of the load
transferring from the secondary phase to the matrix [10].
In addition, the W-phase was distributed in net-like shape
in grain boundaries Moreover, the
secondary phase particles are generally broken in the
process of deformation. The dispersed secondary phase
particles in matrix impede the dislocations motion during
the deformation processing, leading to the dislocation
pile-up and activation of the DRX [26]. In Mg—1.5Zn—
0.6Zr—(0—4)Er alloys [27], the higher degree of DRX

continuously.
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might be due to the high volume fraction of the
secondary phase via particle-stimulated nucleation
(PSN).

In the present work, although the volume fraction of
the /-phase and the W-phase in the Mg—6Zn—1Er alloy
(Alloy A) and Mg—2Zn—2Er alloy (Alloy B) was about
the same, respectively, the mechanical properties of the
two kinds of alloys were obviously different, which was
amazing. The Mg—6Zn—1Er alloy (Alloy A) containing
the [I-phase consisted of uniaxial grains and broken

micro-meter scale /-phase, as shown in Figs. 3(a) and (b).

At the same time, the DRX via PSN introduced by the
I-phase was activated. The DRX via PSN introduced by
the /-phase contributed to the nucleation of new grains
with a high orientation mismatch to the parent grains,
resulting in random texture [28,29]. It is considered as
the conventional DRX mechanism, i.e., discontinuous
DRX mechanism (DDRX) which tends to form
well-developed equiaxed recrystallized grains. However,
the Mg—2Zn—2Er alloy (Alloy B) containing the
W-phase consisted of finer grains, unDRXed deformed
grains and broken micro-meter scale W-phase particles,
as shown in Figs. 3(c) and (d). Besides, the
unrecrystallized regions have serrated boundaries in the
as-extruded Mg—2Zn—2Er alloy, which was the
characteristic of the continuous DRX (CDRX) reported
by TAHREEN et al [30]. The CDRX is essentially a
one-step process, and the new developing grains are
nucleated evenly throughout the material and could
hardly grow [31]. In addition, KIM et al [32] has
investigated the texture development and its effect on
mechanical properties of AZ61 alloy, and the change of
the strength was thought to be dependent on both the
grain size and the texture. According to the Hall-Petch
relationship, the grain refinement would lead to a high
yield stress. Meanwhile, the softening texture was
strongly attributed to the increase of Schmid factors of
various slip systems, which made the yield stress
decrease during tensile test.

Therefore, the as-extruded Mg—Zn—Er alloys
containing /-phase showed a completely DRX
microstructure with a grain size of ~9.7 um while the
grain size of the Mg—Zn—Er alloys containing W-phase
was ~5.0 um. The maximum texture intensity of the
alloy containing /-phase was relatively low, i.e. 7.8, but
the maximum texture intensity of the alloy containing
W-phase was ~13.1. The I-phase had a special better
effect on modifying the texture via DDRX, which
resulted in a higher elongation. However, the W-phase
played an important role in refining grain sizes via
CDRX as well as a higher maximum texture intensity,
which led to a higher tensile strength, especially the yield
strength. In conclusion, the DRX of the Mg—Zn—Er alloy
was mainly ascribed to the kinds of the secondary phases

when the volume fractions of the secondary phases were
the same.

5 Conclusions

1) Both the /-phase and the W-phase were broken
and distributed along the extrusion direction.

2) The I-phase via particle-stimulated nucleation
(PSN) had a great effect on modification of texture due
to the discontinuous dynamic recrystallization
mechanism (DDRX), which tended to form well-
developed equiaxed recrystallized grains. Meanwhile, the
W-phase played an important role in refining the grain
size via continuous dynamic recrystallization (CDRX),
companied with higher maximum texture intensity.

3) The Mg—6Zn—1Er alloy showed a performance
of a higher elongation of 20.4%. The Mg—2Zn—2Er alloy
displayed a better tensile strength, and the value of the
YS was about 247 MPa.
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