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dicate that: (1) a bimodal microstructure consisting of the fine dynamic recrystallized grains and the largely
deformed grains was formed; (2) a large number of dynamic precipitates including plate-like MgZn, phase,
spherical MgZn, phase and spherical Mn particles distribute uniformly in the grains; (3) the major facets of
many plate-like MgZn, precipitates deviated several to tens of degrees (3°-30°) from the matrix basal plane. It
has been shown that the high strength of the alloy is attributed to the formation of the bimodal microstructure,
dynamic precipitation, and the interaction between the dislocations and the dynamic precipitates.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Magnesium (Mg) alloys have great potential as structural materials
because they are the lightest materials in structural applications. Since
the stacking fault energy (SFE) of Mg is smaller than that of most light
metals, such as aluminum (Al) [1], grain refinement by dynamic recrys-
tallization (DRX) occurs quite readily. Hot deformation accompanied by
DRX is a promising method for refining the microstructure and attaining
superior properties of Mg alloys, such as high strength [2-4], toughness
[5] and ductility [6]. On the other hand, precipitation strengthening [7]
is another effective method to significantly improve the strength due
to the pinning effect of precipitates on dislocation movements. Precipi-
tates can always be obtained by artificial aging [8,9]. Mg—Zn-based al-
loys were among the firstly developed precipitation hardenable Mg
alloys, and the strengthening precipitates include rod-like 3’; phase
(distributed along [0001],, direction) with a monoclinic structure simi-
lar to Mg4Zn;, and plate-like [3’, phase (also distributed along [0001 ]
direction) with a hexagonal structure of MgZn,. Recent investigations
[10,11] showed that dynamic precipitates formed during hot deforma-
tion have excellent hardening effect in Mg—Al alloy. For example,
Mg—8Al alloy sheet rolled at 748 K [10] has a yield strength (YS) of
321 MPa and ultimate tensile strength (UTS) of 424 MPa due to the dy-
namic precipitation strengthening by Mg;,Al;,. Mg—Al—Ca—Mn alloy
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fabricated by extrusion [11] has a YS and an UTS of 410 MPa and
420 MPa, respectively, due to the formation of plate-like Al—Ca precip-
itates and spherical Al—Mn—~Ca precipitates. In our previous investiga-
tion, an Mg—Zn—Mn alloy with excellent mechanical properties
(359 MPain UTS, 258 MPa in YS, and 20.1% in elongation) was fabricat-
ed successfully by high strain-rate rolling (HSRR) at 300 °C [12]. These
mechanical property values are much higher than those of most
Mg—Zn—Mn alloys processed by other fabrication methods [13-16].
It is believed that grain refinement through DRX and dynamic precipi-
tates formed during HSRR are the two main reasons accounting for
the enhanced mechanical properties. In this paper, the microstructures
for DRX and dynamic precipitation were thoroughly investigated via
transmission electron microscopy (TEM) to understand the exact rea-
son for the excellent mechanical properties of the alloy.

2. Experimental Detail

The ZM51 (Mg—5%Zn—1%Mn, in wt.%) alloy billets were prepared
by permanent mould casting and were then annealed by two-step ho-
mogenization treatment (330 °C for 24 h and 400 °C for 2 h). Before
hot rolling, the homogenization treated plates were preheated at
300 °C for 6 min. Then the plates were hot rolled with a reduction of
80% in thickness from 10 mm to 2 mm by a single pass at 300 °C with
a strain rate (&) of 9.1 s~ . The microstructures of the rolled sheets
were investigated by a JEOL-2100F TEM and a Titan G2 60-300 TEM.
TEM samples were prepared by cutting the slices (2 mm in thickness)
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from the ingot using a low-speed diamond saw, then mechanical thin-
ning the slices by sand paper to 60 um in thickness and ion thinning
using a Gatan Precision Ion Polishing System at 2 kV.

3. Results and Discussion

Fig. 1a shows a typical TEM image of the specimen after HSRR. It can
be seen that a lot of dynamic recrystallized (DRXed) grains formed dur-
ing HSRR with a grain size of about 0.5-2 pm. Fig. 1b shows another TEM
image of the specimen, indicating that in addition to the DRXed grains
in area |, largely deformed grains with size of several to tens of micro-
meters were observed, as shown in area II. Statistical analysis on TEM
images indicate that the areas with the fine DRXed grains take up 92%
of the total area of the specimen, while the rest are the largely deformed
grains, forming a bimodal microstructure. The dislocation density in the
deformed grains is visibly higher than that in the DRXed grains from Fig.
1b. In area II, the orientation of numerous micro-bands and slip bands is
parallel to the basal plane, as shown by the red line in Fig. 1b. At the
same time, several micro-bands orientated along the pyramidal plane,
as shown by the green line, can be observed in areas B and C (depicted
by green ellipses). Area A (depicted by yellow ellipse) is a transition
zone for the micro-bands orientated along the basal plane to the pyra-
midal plane. The ladder-like slip lines in area A may be attributed to
the cross-slip from the basal plane to the pyramidal plane.

Fig. 2a is a TEM image showing the microstructure of cross-slip in a
largely deformed grain. The corresponding selected area electron dif-
fraction (SAED) pattern was inserted at the left upper corner. No

)
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Fig. 1. Bright field TEM images of (a) the DRXed grains and (b) the largely deformed
grains.

Fig. 2. (a) Bright field TEM image of the largely deformed grains and (b) the magnified
image of the framed region in (a).

diffraction spot for twins can be observed. The cross-slip lines with
abundant zigzag slip bands, which have not been observed in the as-ho-
mogenized material [12], have been produced in the process of HSRR.
The details of the rectangle area in Fig. 2a are shown in Fig. 2b. Slip
bands along basal plane were indicated by red solid lines, while the
slip bands along the pyramidal plane that deviate a large angle from
the basal plane were marked by green dashed lines. It is obvious in
Fig. 2b that there are more basal slip lines than pyramidal slip lines
and lots of jogs were formed (depicted by ellipse) when the basal slip
lines meet the pyramidal slip lines.

Fig. 3 shows the distribution of the precipitates in the alloy after
HSRR along the matrix [11-20] zone axis (Fig. 3a) and [0001], zone
axis (Fig. 3b), respectively. A large number of the precipitates distribute
uniformly in the grain. Compared to the as-homogenized alloy in our
previous investigation [12], the number of the precipitates increases
sharply after HSRR. There are two types of precipitates according to
their shape when observing along the matrix [11-20],, zone axis: paral-
lelogram with the length of 50-250 nm (indicated by arrow 1 in Fig. 3a)
and ellipse with the size of 5-50 nm (indicated by arrows 2, 3 in Fig. 3a).
However, only one type of the precipitates can be observed along the
matrix [0001], zone axis: spherical or ellipse shape, with the radium
ranging from 5 nm to 150 nm, as indicated by arrows 1, 2, 3 in Fig. 3b.
The precipitates can thus be divided into two types based on their
shape: One is the plate precipitate with the habit plane along the basal
plane or pyramidal plane, and the other is the sphere precipitate.

Further investigation shows that the plate and sphere precipitates
can be further divided into four kinds. Fig. 3c and d show a plate precip-
itate and its corresponding SAED pattern. The SEAD pattern can be
indexed into MgZn, phase. The orientation relationship implied by the
SAED pattern is [10-10]p, || [11-20], (0002)p, || (0001)y and (11-22);, ||
(10-11)4. It can be seen from Fig. 3¢ that the major facets (broad sur-
face) of the plate are the basal plane of Mg matrix. Fig. 3e shows another
plate precipitate, which can also be indexed into MgZn, phase from the
corresponding SEAD pattern (Fig. 3f). While the orientation relationship
of the plate is [11-20];, || [2-311]q, (0-1-1-3)p, || (0002) and (10-1-2)g ||
(0-111)4, differing from that of the former (0001),, plate. From the TEM
image and calculation, the major facets of this plate deviate 11.4° from
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