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Effect of Rolling Temperature on the Microstructures
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Mgy;Zn,Y, magnesium alloy was hot-rolled at different temperatures from 390 to 480 °C; the effect of
rolling temperature on microstructure evolution and mechanical properties of Mgy;Zn;Y, magnesium alloy
was investigated using x-ray diffraction (XRD), laser optical microscopy (LOP), transmission electron
microscopy (TEM), and tensile test. The results showed that in the multipass process, the rolling temper-
ature had significant effect on the microstructures and tensile properties for the hot-rolled Mgy,Zn,Y alloy.
As the rolling temperature was increased, the original strengthening phase-Mg;,YZn in as-cast Mgy;Zn,Y,
alloy experienced an evolution from dissolution to precipitation, i.e. from chain-shaped Mg;,YZn phase
together with a little lamellar structure at 420 °C to a maximum volume fraction of lamellar structure at
450 °C, and finally to a reduced volume fraction of lamellar structure at 480 °C. For Mgy;Zn,Y, alloy hot-
rolled in the temperature range of 390-450 °C, the tensile strength was at a high level with yielded strength
of about 300 MPa and ultimate strength of about 320 MPa. The highest yielded strength was 317 MPa after

hot-rolling at 450 °C; the elongation was the highest up to 5.5% after hot-rolling at 420 °C.

Keywords magnesium alloy, mechanical properties, microstruc-
ture, precipitation

1. Introduction

In recent years, the structural applications of magnesium
alloys in aerospace and automobile industries are increasing
progressively thanks not only to their low densities but also to
their excellent properties such as electro-magnetic shielding,
damping, and recycling (Ref 1-3). The commercial AZ and AM
systems are less used to make important load-bearing compo-
nents due to low strength and ductility; therefore, it is of great
interest to develop high-performance Mg alloys to extend
industrial applications. Mg-RE alloys display excellent mechan-
ical properties at both room and elevated temperatures; especially
Y is one of the most effective RE elements in improving high-
temperature properties of Mg alloys (Ref 4). The Mg-Zn-Y
system seems particularly promising because it exhibits a
superior mechanical performance with respect to the commercial
Mg-Zn-Zr (ZK) system. The Mg-Zn-Y alloys containing icosa-
hedral phase (I-MgzZngY ) have been paid much attention due to
the remarkable strengthening effect of I phase at room temper-
ature as well as elevated temperature (Ref 5-7). Many aspects
including Zn/Y ratio, precipitates, and grain refinement in
Mg-Zn-Y alloys have been investigated (Ref 8-10). In contrast
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to this, less works have been done on the long period stacking
order (LPSO) structure Z phase (Mg;,ZnY) strengthening
Mg-Zn-Y alloys, and most of them focused on the formation
process of LPSO phase, dislocation structure, and variation of
long period stacking order structure in rapidly solidified
Mgy,Zn,Y, alloy, since very recently a superior performance
of rapidly solidified (RS) powder metallurgy Mgy,Zn,;Y> (at.%)
alloy with extremely high tensile yield strength of 610 MPa and
elongation of 5% has been developed and a yield strength more
than 380 MPaat 200 °C (Ref 11-15). These excellent mechanical
properties were archived by warm extrusion of gas-atomized
Mgy;Zn;Y, powders and were considered to be due to the hep
(2H)-Mg fine grain matrix of 100-200 nm in diameter with LPSO
phase and the homogeneously dispersed M,,Y s fine particles of
less than 10 nm in diameter. And it has been confirmed that
the LPSO phase can be prepared by conventional casting
method, the LPSO structure consists of 18 stacking sequence of
ABABABCACACABCBCBC (Ref 13). The high strength at
room temperature and elevated temperature in the fine-grained
Mgoy7Zn,Y, alloy is encouraging for acquirement of high-strength
Mg alloys by severe plastic deformation technique, for example,
equal channel angular pressing (ECAP) in conventional
Mgy,Zn;Y, alloy cast ingot (Ref 16). A rather large body of
research has been published on efficacy of techniques such as
equal channel angular pressing (ECAP), high-pressure torsion
(HPT), and severe rolling (SR) for grain refinement of a number of
metallic materials (Ref 17-20). Compared with RS P/M or ECAP,
SR, in particular, has potential to be adopted by industry to
produce large sheets, due to its feasibility as a continuous process.

The present paper aims to explore the possibility of applying
successfully the severe hot-rolling technique for improvement
in mechanical properties of Mgg,Zn,Y, alloy, as well as to
investigate microstructure evolution with rolling temperature
during processing.
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2. Experimental

A testing alloy for this study was a Mgo7Zn;,Y, (in at.%)
alloy. The alloy was prepared by conventional casting method
from high-purity 99.9 wt.% Mg, 99.9 wt.% Zn, and
Mg-21.5wt.%Y alloy under a shielding gas of CO,-0.05%
SFs. Zn and Y elements were added to the melt at the
temperature of 750 °C, after about 5 min manual stirring to
facilitate uniform distribution of Zn and Y elements, the melt
was heated to 775 °C and kept for 15 min, then was poured
into an steel die preheated at 100 °C to yield a rectangular ingot
of 200 mm in length, 100 mm in width, and 20 mm in height.

Thermal transformation of the as-cast Mgy,Zn,Y, alloy was
examined by means of differential thermal analysis (DTA:
Perkin-Elmer DTA 1700 instrument) as shown in Fig. 1.
During continuously heating Mgy;Zn;Y, alloy in DTA, endo-
thermic peak appears with an onset temperature of 543 °C,
corresponding to complete dissolution of the precipitate phase,
i.e. Z-Mg;,YZn phase, endothermic peak appears with an onset
temperature of 614 °C, corresponding to melting of the a-Mg
phase. No evident thermal transformation was found in the
range of 360-500 °C, so the rolling temperature was chosen in
this temperature range.

Specimens to be hot-rolled with a dimension of
90 x 18 x 6.5 mm® were machined from the cast ingot and
were heated at 390, 420, 450, and 480 °C, respectively, for
20 min prior to each pass rolling. The rolling was employed
with a reduction of ~15% per pass. The final thickness of hot-
rolled specimens was 1.3 mm (reduction ~80%) after 9 passes
of rolling.

Mechanical properties of the Mgo;Zn,Y, alloy after severe
hot-rolling were evaluated by tensile tests at room temperature
at an initial strain rate of 1.0 x 107> s~ '. Tensile samples were
machined from hot-rolled sheet with a cross-section of
4.0 x 1.3 mm, a gauge length of 15 mm. The strain rate was
kept constant during the test and the tensile direction was
parallel to the rolling direction.

The microstructures of hot-rolled and as-cast Mgy;Zn;Y,
alloys were observed using a laser optical microscope after
polishing and etching in 0.5% HF solution. The crystalline
phases in Mgg,Zn;Y, alloys were characterized by a Rigaku
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Fig. 1 DTA thermograms for as-cast Mgy;Zn; Y, alloy
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x-ray diffractometer (XRD). The fracture characteristics of the
fracture surface were examined with a JEOL 8600 scanning
electron microscope.

3. Results and Discussion

3.1 Microstructure Evolution by Hot-Rolling

Figure 2 shows the microstructure of as-cast Mgo;Zn;Y,
alloy; it can be seen that the microstructure consists of primary
o-Mg grains with the grain boundaries decorated by continuous
secondary phase network. Coarse o-Mg grains with about
30-80 pm in diameter and secondary phase with about
2.3-6.9 pm in thickness at grain boundaries are observed. The
XRD analysis shown in Fig. 3 indicates that the second phase
was a Z-Mg;,ZnY intermetallic compound. After hot-rolling at
different temperatures, the constituent phases in hot-rolled
Mgy;Zn,Y, alloy were essentially the same as the as-cast alloy
(see Fig. 3), but the microstructures along the rolling direction
changed dramatically as shown in Fig. 4. After being rolled at

Fig. 2 Microstructure of as-cast Mgo,Zn;Y, alloy
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Fig. 3 The x-ray diffraction patterns of as-cast and hot-rolled
Mgy,Zn,Y, alloys
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Fig. 4 Longitudinal microstructures of hot-rolled Mgy;,Zn, Y, alloy at (a) 390 °C, (b) 420 °C, (c) 450 °C, and (d) 480 °C

390 and 420 °C respectively, the a-Mg grains were elongated
along the rolling direction but unrecrystallized, and the
Z-Mg,ZnY phase was destroyed and broken into zonal
distribution along the rolling direction. In 420 °C rolled alloy,
the Z-Mg;,ZnY phase decreased in both volume fraction and
size due to gradual dissolution during later heating and finally
took a from of chain along the rolling direction. Meanwhile, a
little volume of lamellar structures was formed in o-Mg matrix.
The lamellar structure was reported to be composed of
alternating layers of LPSO phase and 2H-Mg phase (Ref 21).
As the rolling temperature was increased to a temperature range
of 450-480 °C, the equiaxed o-Mg grains were formed by
recrystallization and the second phase network precipitated
again at the grain boundary of the recrystallized o-Mg grains. In
addition to this, a large area of lamellar structures occurred
within the a-Mg grains. In the 450 °C hot-rolled alloy, the
original o-Mg grains were entirely replaced by lamellar
structures while the lamellar structures were found to be less
in the 480 °C hot-rolled alloy and were embedded in white
o-Mg matrix.

A TEM micrograph for typical lamellar structure is shown in
Fig. 5. According to Ref 20-22, the alternative dark laminas
were an LPSO phase, and the EDS analysis revealed that the Zn
and Y elements were poor in Mg matrix but rich in the LPSO
phase.

In order to explain the effect of rolling temperature on the
microstructure evolution, cross-sectional microstructures were
also compared with the above longitudinal ones as shown in
Fig. 6. It can be noted that the microstructures showed evident
characteristics of deformation after rolling at 390 and 420 °C
while the transverse microstructures rolled at 450 and 480 °C
were similar to those along the rolling direction, a-Mg matrix
took the form of coarse equiaxed grains, and the feature of less
lamellar structure embedded in o-Mg matrix was more
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Fig. 5 TEM typical morphology of LPSO precipitates in
Mgo7Y>Zn alloy hot-rolled at 450 °C

pronounced for sample rolled at 480 °C. Based on the above
microstructure evolution observation, the mechanisms of
formation and distribution of lamellar structure in Mgy;Zn;Y,
alloy can be proposed as follows: during the first several rolling
passes, the fragile Mg;,YZn phase cracked and broke into
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Fig. 6 Cross-sectional microstructures of Mgg;Zn;Y, alloy hot-rolled at (a) 390 °C, (b) 420 °C, (c) 450 °C, (d) 480 °C, (e) solution treated and
annealed at 480 °C for 4 h, and (f) solution treated and annealed at 480 °C for 6 h

strips and particles, and the Mg;,YZn phase partly dissolved
into a-Mg solid solution gradually, despite the complete
dissolution temperature being as high as 543 °C, during the
later heating period. By increasing the rolling temperature,
the Mg;»,YZn phase dissolved more and faster; therefore, the
compositions of Zn and Y elements in a-Mg solid solution were
increased much more pronouncedly until their solubilities were
reached. Afterwards, the lamellar structure of Mg;,YZn began
to form within the o-Mg grains. At low rolling temperatures
such as 390 and 420 °C, the lamellar structure was formed
rather less due to low dissolution of Mg;,YZn phase (see
Fig. 6a, b). In the case of 450 °C rolling, the Mg;,YZn phase
began to precipitate substantially within the o-Mg solid
solution and on the boundaries in the form of lamellar structure
(Fig. 6¢) and secondary phase network. And after the lamellar
structure was formed, during the next heating period, lamellar
Mg;,YZn phase can also partly redissolve into the a-Mg solid
solution; therefore, the formation of lamellar structure is a
process of precipitation and dissolution of LPSO phase. At the
highest heating temperature 480 °C, the lamellar Mg;,YZn
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phase near the boundary area dissolved so quickly that the
dissolving morphology was preserved to the room temperature,
leading to a morphology feature of lamellar structure embedded
in the a-Mg matrix with an empty space between the lamellar
structure and the secondary phase network (see Fig. 6d). In
order to confirm the dissolution of lamellar Mg;,YZn phase
during heating process, the sample rolled at 480 °C was reheated
to 480 °C and held for different time followed by water
quenching, the change in microstructure during heating can be
preserved to the room temperature. It can bee seen from Fig. 6(e)
and (f) that the original lamellar structure with regular edge
becomes irregularly concavo-convex due to preferential disso-
lution in edge area, resulting in a decrease of lamellar structure
and widening of white area surrounding lamellar structure.

3.2 Effect of Hot-Rolled Microstructure on the Tensile
Properties

The tensile test curves for hot-rolled Mgo7Zn;Y, alloys are
illustrated in Fig. 7; for comparison the as-cast alloy is also
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Fig. 7 Stress-strain curves of tensile tests for hot-rolled and as-cast
Mgy,Zn,Y, alloys

listed in the figure. The mechanical properties of hot-rolled
alloys were much higher than that of as-cast one except the
elongation. The yield strength, ultimate tensile strength, and
elongation for as-cast alloy were 120 MPa, 170 MPa, and
6.1%, respectively, while the yield strength and ultimate tensile
strength for hot-rolled alloys were in the range of 310-317 MPa
and 318-325 MPa, respectively. It dose not differentiate much
in tensile strength for the alloys rolled at 390, 420, and 450 °C.
The alloy hot-rolled at 450 °C was highest with a yield strength
of 317 MPa and an ultimate tensile strength of 325 MPa. The
elongation of alloy hot-rolled at 420 °C was the highest up to
5.5%, followed by 3.1% at 450 °C and 2.1% at 390 °C. The
tensile properties of alloy hot-rolled at 480 °C were the worst
with yield strength of 270 MPa, ultimate tensile strength of
307 MPa, and elongation of 1.9%.

It is known from microstructure evolution mentioned above
that the changes that happened to the a-Mg matrix are mainly
refinement of uncrystallized grain by rolling deformation at low
temperatures (390 and 420 °C) and coarsening of crystallized
grain at high temperatures (450 and 480 °C). Generally, the
relationship between the yield strength and grain size follows
the Hall-Petch equation (Ref 22, 23):

o, = oo+ kd '/ (Eq 1)

where d is a measure of the grain diameter and o, and & are
experimentally derived constants. According to the equation,
refinement of work hardening grain will cause increase in the
yield strength; conversely, coarsening of crystallized grain
can deteriorate the yield strength. However, the hot-rolled
alloys did not obey the equation strictly, for example, the
alloy hot-rolled at 450 °C possessed coarse grain but the
highest yield strength. The great difference in microstructures
between the alloys hot-rolled at 420 and 450 °C was whether
the lamellar structure was present. This means that the inter-
metallic compound in alloy has a great effect on the tensile
properties. Mg;,YZn compound as the strengthening phase
experienced remarkable changes in volume fraction, distribu-
tion, and morphology with the rolling temperature. As the
rolling temperature was increased, the volume fraction of
Mg,YZn phase decreases owing to dissolution into o-Mg
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Table 1 Microhardness in different regions
for the as-cast and hot-rolled Mgy;Zn,Y, alloys

Alloy Region Hardness, HV

As-cast Mgy;Zn; Y, Mg ,YZn phase 108.6
o-Mg grain 70.5

Hot-rolled Mgy;Zn;Y, Lamellar structure 92.9
o-Mg matrix surrounding 78.3

lamellar structure

solid solution. At low rolling temperature (390 and 420 °C),
most the Mg;,YZn phase has the morphology of strip and
chain made of broken particle despite a little volume of
lamellar structure occurred in the rolled alloy at 420 °C. At
high rolling temperature (450 and 480 °C), a large volume of
lamellar structure was formed besides a little volume of dis-
continuous Mg;,YZn phase network.

Referring to the mechanical characteristics of pearlite
consisting of alternating layers of ferrite and Fe;C in steel
which has high yield strength compared with ferrite and
spheroidite consisting of sphere-like particles of Fe;C embed-
ded in a continuous ferrite matrix, it can be deduced that the
lamellar structure has the best strengthening effect on the
tensile strength. To confirm this conclusion, microhardness in
different regions in the microstructures mentioned above was
tested with a load of 0.5 N and are listed in Table 1. It can be
noted that the microhardness for lamellar structure, a-Mg solid
solution in as-cast alloy and a-Mg solid solutions surrounding
lamellar structure were 92.9, 70.5, and 78.3 HV, respectively.
According to a simple relation for metals suggested by Tabor
(Ref 24):

H=CY (Eq 2)

where H is hardness, Y is yield strength, and C is a con-
stant; it is deduced that the lamellar structure has the high-
est yield strength. The microstructure of the alloy hot-rolled
at 450 °C mainly comprised lamellar structure, thus it exhib-
ited the highest yield strength, whereas the lamellar structure
in the alloy hot-rolled at 480 °C was less and embedded in
the coarse o-Mg grain with an empty space between the
lamellar structure and the secondary phase network, leading
to low strengthening effect and the lowest yield strength out
of the hot-rolled alloys. The tensile strengths for the alloys
hot-rolled at 390 and 420 °C were intermediate between
the hot-rolled alloys at 450 and 480 °C. The ductility of the
hot-rolled alloys was influenced by the grain size of o-Mg
matrix, morphology and distribution of Mg;,YZn phase.
The deformability for o-Mg grain is better than lamellar
structure, so the elongation was reduced when lamellar
structure was formed in the hot-rolled alloy. Fine Mg;,YZn
particles homogeneously distributed in o-Mg matrix made
the elongation of the alloy hot-rolled at 420 °C the best.
The microstructure of the alloy hot-rolled at 450 °C mainly
consists of lamellar structure and second phase network,
leading to a decrease in elongation. The lowest elongation
falls on the alloy hot-rolled at 480 °C owing to the coarse
grain of o-Mg matrix with some volume of lamellar struc-
ture embedded in it and second phase network. In the hot-
rolled alloy at 390 °C, the broken Mg;,YZn block was so
big and distributed along the boundary of o-Mg grains that
the elongation for this alloy was not high.
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Fig. 8 SEM fractographs of the specimens rolled at (a) 390 °C, (b) 420 °C, (c) 450 °C, and (d) 480 °C

3.3 Fracture Analysis

Figure 8 shows a set of SEM fractographs of tensile
specimens rolled at different temperatures. Tensile fracture
surfaces were all vertical to the rolling direction. Figure 8(a)
and (b) shows the SEM fractographs of alloys rolled at
temperatures of 390 and 420 °C, which showed a kind of
tearing fracture in which there were many small dimples and
some tearing ridges to be formed. However, It can be found
that a few of the cracks are formed in the matrix surrounding
the big Mg;,YZn particle for the alloy rolled at 390 °C as
indicated by the arrows, which may be one of the reasons that
it demonstrates lower elongation than the alloy rolled at
420 °C. Figure 8(c) and (d) shows the SEM fractographs of
alloys rolled at temperatures of 450 and 480 °C; they display
decohesion at the grain boundary second phase network
and tearing fracture, and the decohesion deteriorates the
elongation.

4. Conclusions

1. By increasing the rolling temperature, the network of
Mg>,YZn phase in Mgy;Zn;Y, alloy was broken into
chains of particles along the rolling direction, and a little
of laminar Mg;,YZn began to precipitate in o-Mg matrix
at the rolling temperature of 420 °C, the laminar structure
reached a maximum at 450 °C and decreased at 480 °C.

2. The lamellar structure comprising alternative Mg;,YZn
phase and o-Mg matrix showed significant strengthening
effect on the Mgog;Zn, Y, alloy.

3. Hot-rolled Mgg;Zn;Y, alloys have good tensile properties
with yield strength of ~310 MPa and ultimate tensile
strength of ~320 MPa. The elongation of the alloy hot-
rolled at 420 °C was the highest up to 5.5%.
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