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Strength enhancement of Mg—3Gd—1Zn alloy by cold rolling
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Abstract: The severe cold rolling was employed to enhance strength of Mg—3Gd—1Zn (mass fraction, %) alloy sheet. The 0.2% yield
stress of the Mg—3Gd—1Zn hot-rolled sheet can be increased by 150% through the single-pass cold rolling with the reduction of 23%,
due to the high intensity of dislocation and basal texture established during cold rolling. Compared with the Mg—3Gd—1Zn hot-rolled
sheet, the cold-rolled sheet annealed at 350 °C for 30 min may get an enhancement in strength without a great loss of ductility. The
sheet processed by multi-pass cold rolling does not show a higher strength as expected, due to the softening effect of shear bands.
However, the thin slab with the thickness less than 1 mm can be produced by the multi-pass cold rolling with the annealing treatment

as few as possible.
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1 Introduction

The limited room temperature formability of Mg
alloys is a hindrance to the wider uptake of this metal in
applications that would benefit considerably from its low
density. It was recently found that magnesium alloys
with rare earth additions, such as Nd and Ce, could
develop a more random texture during hot extrusion [1]
and conventional hot rolling [2], therefore resulting in
the improvement of ductility and formability [3,4]. By
the addition of Gd and optimizing the parameters of hot
rolling process, we have developed a Mg—3Gd—1Zn
(mass fraction, %) alloy sheet, which exhibits excellent
ductility and formability at room temperature [5].
However, its strength, especially yield strength, is quite
low (<130 MPa), which is not only far lower than that of
Al alloy, but also inferior to AZ31 alloy sheet [6].

Cold rolling process is mainly employed to produce
thin sheet, belt or foil, and it can solve the problems that
the size of the hot rolled sheet oversteps the tolerance,
and the mechanical properties in the same sheet are not
uniform, due to the heat drop and non-uniform
distribution of temperature during hot rolling [7]. In
addition, cold-rolled sheets usually have a high surface

finish quality, excellent mechanical properties and are
rich in wvariety. The sheets with different surface
roughnesses can be produced by cold rolling, and the
products, produced by cold rolling with different
reduction combined with the annealing treatment after
cold rolling, may meet the requirement for further
processing or application in a comprehensive range.
Nevertheless, the cold rolling response of the common
Mg alloy sheet, such as AZ31 rolled sheet, is generally
poor due to its low ductility at room temperature. It is
improper for the common Mg alloy sheet to be cold
rolled in commercial process. Therefore, there is only a
few of work concerning about cold rolling of Mg alloy
[8,9], and most of them focus on the influence of cold
rolling on the microstructure and texture. Few work lays
stress on the improvement of mechanical properties by
cold rolling.

It has been demonstrated that cold work could
introduce high density of twins and dislocations [10].
Based on the high room-temperature ductility of the
Mg—3Gd—1Zn sheet, the aim of this work is to enhance
the mechanical properties, especially the strength, of the
Mg—3Gd—1Zn sheet by cold rolling; combined with the
annealing treatment after cold rolling, the Mg alloy sheet
with high ductility and strength can be produced. The
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effects of the cold rolling and annealing treatment on its
microstructure, texture and mechanical properties were
investigated in detail.

2 Experimental

The alloy denoted as GZ31 was examined in the
present study. The chemical composition was
Mg—2.74Gd—1.06Zn (mass fraction, %). It was prepared
with high purity Mg (99.9%), Zn (99.9%) and Gd (99.9%)
by melting under the protection of a mixed SFs (1% in
volume fraction) and CO, (99% in volume fraction)
atmosphere. Ingots with dimensions of 75 mmx200
mmx200 mm were prepared by pouring the melt into a
preheated steel mold. They were homogenized at 500 °C
for 10 h, then quenched in water, and were subsequently
machined to slabs with dimensions of 200 mmX
70 mmx20 mm.

The slabs were rolled to sheets at 430 °C with a
final thickness of 3 mm. The details of the hot rolling
process were described elsewhere [5]. The hot-rolled
sheets were annealed at 380 °C for 1 h after the last
rolling pass. For comparison, AZ31 (Mg—3Al-1Zn—
0.2Mn, %) was selected as the counterpart since it was a
popular magnesium alloy for rolled sheets. The cast ingot
of the AZ31 magnesium alloy was machined to a slab
with a thickness of 20 mm, and was also processed
identically to the hot-rolled GZ31 sheet. Hereafter, RD,
TD and ND denote the rolling, transverse and normal
directions of the sheets, respectively. For cold rolling
experiments, the specimens with dimensions of 40
mmx25 mmx3 mm were machined out of the hot-rolled
sheets, and the surface was polished by waterproof
abrasive paper. The cold rolling was carried out at room
temperature on a mill with a roll diameter of 300 mm and
a roll velocity of 6 m/min. No heating was carried out
during the rolling schedule. The specimens were cold
rolled through single-pass to different thickness
reductions of 5%, 13%, 18%, 23% and 30%, respectively,
or through multi-pass to a total thickness reduction of
45%, with a thickness reduction per pass of 1%—5%.
Some of the cold-rolled specimens were annealed at 300
°C or 350 °C for 30 min or 1 h.

Samples were prepared for optical microscopy (OM)
by sectioning and polishing the RD-ND plane.
Mechanical grinding was followed by diamond and
colloidal silica polishing. The etching solution was 25
mL ethanol+2 g picric acid+5 mL acetic acid + 5 mL
water. The grain sizes (L) were determined by analyzing
the optical micrographs with a line-intercept method
(d=1.74L).

Texture analysis of the rolled samples in the
RD-TD plane was performed using the Schultz
reflection method by X-ray diffraction. Calculated pole

figures were obtained with the DIFFRACplus TEXEVALI
software, using the measured incomplete {0002},
{1010} and {1011} pole figures.

Flat tensile specimens with gauge dimensions of 2.5
mmx4 mmx10 mm were machined out of the rolled
sheets with the tensile axis parallel to the rolling
direction. Monotonic tensile tests were performed using
a Sans type tensile testing machine at room temperature,

with an initial strain rate of 1x107s .

3 Results

Figures 1 and 2 present the macrographs of the
AZ31 and GZ31 specimens after cold rolling. With
respect to rollability and surface quality, the GZ31
cold-rolled sheet is obviously better than the AZ31
cold-rolled sheet. The AZ31 cold-rolled specimen
undergoes significant surface cracking due to its strong
basal texture (Fig. 1), as the single-pass reduction is
larger than 10%. By contrast, the GZ31 cold-rolled sheet
reveals a good surface without cracks observed on the
surface or side margin (except for the two ends), with
the single-pass reduction as high as 30%, as shown in

(0002)
RD

_— —

(a)
Max: 8.54

Texture intensity

147
5.71
4.37

Fig. 1 (0002) pole figure of AZ31 specimens before cold
rolling (a) and macrographs of AZ31 specimens after cold
rolling through single-pass to different thickness reductions of
5% and 13% (b)



Di WU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 301-306 303

Fig. 2 Macrographs of GZ31 specimens before (a) and after (b,
¢) cold rolling: (a) Before rolling; (b) Through single-pass to
different thickness reduction of 18%, 23% and 30%; (c)
Through multi-pass to total thickness reduction of 45%

Fig. 2(b). By multi-pass roller with the reduction of
1%—5% in pass, the total reduction can reach 45%
without the appearance of cracks (Fig. 2(c)).

Figure 3(a) shows the optical micrograph of the
GZ31 sheet before cold rolling. The hot-rolled sheet
exhibits a full recrystallized microstructure with a
statistical mean grain size of 12 um. By the single-pass
roller with the reduction of 23%, the grains are elongated
approximately parallel to the rolling direction and the
grain boundary is not so clear as that of the hot-rolled
sheet, as a result of the severe cold working [11,12], as
shown in Fig. 3(b). It is worth noting that there are few
twins appearing, different to those in Ref. [9]. In
Fig. 3(c), the microstructure of the cold-rolled GZ31
sheet through multi-pass rolling is characterized by the
presence of bands diagonally inclined to the rolling
plane. It was suggested that these bands were formed in
regions that have undergone {IOT 1} twinning followed
by secondary {1012} twinning [13]. These structures
are interpreted here as shear bands. Interestingly, many
of the shear bands shown in Fig. 3(d) contain some very
fine grains with grain size smaller than 5 um (indicated
by the arrows), which appear to be recrystallized grains.
Room temperature recrystallization of pure Mg has been
reported elsewhere [14], which lends some support to
this interpretation. Owing to a large amount of fine

precipitates in the matrix of the GZ31 sheet [5], which
can pin the grain boundary and hinder the movement of
dislocation. No obvious recrystallization occurs when the
GZ31 cold rolled sheet is annealed at 300 °C for 1 h. As
the annealing temperature increases to 350 °C,
recrystallization takes place substantially, a great deal of
recrystallized grains can be detected clearly in Fig. 3(e),
and the size of the new grains is obviously smaller than
that of the GZ31 hot-rolled sheet.

As shown in Fig. 4(a), the (0002) pole figure of
GZ31 hot-rolled sheet shows a non-basal texture with
basal poles tilting about 30° from the ND towards RD
and TD, and the (0002) plane texture intensity is far
lower than that of the AZ31 sheet in Fig. 1(a). However,
by the single-pass cold rolling with the reduction of 23%,
the basal poles of the GZ31 cold-rolled sheet switch back
to ND, almost turning into a basal texture, and the
texture intensity increases to ~3 m.r.d. (multiples of
random distribution), as seen in Fig. 4(b). The (0002)
pole figure of the GZ31 sheet processed by multi-pass
cold rolling (Fig. 4(c)) is very similar to that of the
single-pass  cold-rolled
approaches to a basal texture more, with a higher texture
intensity. It is interesting that, the basal texture turns
back into non-basal texture, and the texture intensity
drops to 1.9 m.rd, as the cold-rolled specimen is
annealed at 350 °C for 30 min (Fig. 4(d)).

The typical engineering stress—strain curves of the
GZ31 cold-rolled and annealed sheets are presented in
Fig. 5, and the hot-rolled sheet is also included. It is
evident from these curves that there is a significant
increase in the strength of the cold-rolled sheet through
single-pass with the reduction of 23%, as compared with
the GZ31 hot-rolled sheet. The 0.2% yield stress
increases from 120 MPa to 300 MPa, which is far higher
than that of the AZ31 sheet [15], and the
elongation-to-failure can reach 16%. The tensile curve
changes little, as the single-pass cold-rolled sheet is
annealed at 300 °C for 1 h, and the 0.2% yield stress only
drops by ~25 MPa. However, as it is annealed at 350 °C
for 30 min, the strength drops sharply. The 0.2% yield
stress decreases to ~200 MPa, but still comparable with
that of the AZ31 sheet. It is worth noting that the
annealed sheet exhibits an excellent tensile ductility. The
elongation to failure is ~35%, which is far larger than
that of the AZ31 sheet, though it is still a little lower than
that of the hot-rolled GZ31 sheet. The strengthening
effect of the multi-pass cold rolling on the hot-rolled
GZ31 sheet is very similar to that of the single-pass cold
rolling, and the annealed sheet (at 350 °C for 30 min)
likewise exhibits strength comparable with that of the
AZ31 sheet and a high ductility at room temperature.

specimen, except that it
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Fig. 3 Optical micrographs of GZ31
specimens before (a) and after (b, c, d, €)
cold rolling: (a) Before rolling; (b)
Through single-pass to thickness reduction
of 23%; (c), (d) Through multi-pass to total
thickness reduction of 45%; (e) Followed
by annealing treatment at 350 °C for 30
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Fig. 4 (0002) pole figures of GZ31 specimens before (a) and after (b, ¢, d) cold rolling: (a) Before rolling; (b) Through single-pass to
thickness reduction of 23%; (c) Through multi-pass to total thickness reduction of 45%; (d) Followed by annealing treatment at 350
°C for 30 min
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Fig. 5 Engineering stress—strain curves of GZ31 cold-rolled
and annealed sheet: (a) Through single-pass to thickness
reduction of 23%; (b) Through multi-pass to total thickness
reduction of 45%

4 Discussion

Due to the high room-temperature ductility of the
GZ31 hot-rolled sheet, a large thickness reduction
(>20%) can be applied to it by the single-pass cold
rolling. The results from the tensile tests demonstrate
conclusively that the severe cold rolling is very effective
in improving the strength of the GZ31 hot-rolled sheet.
The 0.2% yield stress can increase by 150% through the
single-pass cold rolling with the reduction of 23%. As it
is known that, cold work can introduce high density of
twins and dislocations [10], therefore the strength of the
processed workpiece can be enhanced. Nevertheless, in
this work, the strengthening results seem to be
independent of the high density of twins, since few twins
can be detected in the cold-rolling microstructure
(Fig. 3(b)). Twinning can be affected by a decrease in
grain size. It has been shown that a transition from
twinning- to slip-dominated flow occurs in compression
tests with decreasing grain size [16]. The hot-rolled
GZ31 sheet shows a fine and homogeneous
microstructure with a grain size of ~12 pum, so it exhibits
a slip-dominated flow during single-pass cold rolling. In
addition, texture evolution also plays a role in the

strengthening effect. Single-pass cold rolling with the
reduction of 23% results in an obvious transition from
non-basal texture to basal texture and an increase in
texture intensity, which means that the majority of the
grains are rotated to an orientation unfavorable for both
basal slip and tensile twinning because of a low Schmid
factor, and therefore leads to an increase in the 0.2%
yield stress.

Since there present a great deal of fine particles in
the matrix, pining the dislocations and blocking their
movement, the cold-rolled sheets are annealed at a lower
temperature (300 °C) without recrystallization occurring.
The annealed sheets exhibit a similar microstructure and
mechanical properties to the cold-rolled one. So it should
be the recovery taking place during the annealing
treatment at a lower temperature. The movement of point
defects dominates the recovery process; they can move
to grain boundary or dislocation and then disappear [17].
Because the mechanical properties are insensitive to the
density of point defects and the residual stress in the
cold-rolled sheets can be removed, the strength of sheets
at a lower temperature only drops a little.

As the GZ31 cold-rolled sheets are annealed at 350
°C for 30 min, the recrystallization takes place by virtue
of a higher driving force at higher annealing
temperatures. Thus, the strength of the annealed sheets
drops sharply, yet still higher than that of the hot-rolled
sheets and comparable with that of the AZ31 sheet, due
to a smaller size of the new recrystallized grains.
However, it shows an excellent room-temperature
ductility with the elongation-to-failure of ~35%, far
higher than that of the AZ31 sheet, as a result of the finer
microstructure and the weak and non-basal texture
formed during recrystallization. Compared with the
GZ31 hot-rolled sheet, the sheets annealed at higher
temperatures keep a weak and non-basal texture and
show a finer microstructure, therefore leading to an
enhancement in strength without a great loss of ductility.

Additionally, compared with the sheet processed by
single-pass cold rolling, the sheet processed by
multi-pass cold rolling does not show a higher strength
as expected, though it experiences a larger total thickness
reduction. The major difference between the sheets
processed by the two kinds of cold rolling is the shear
bands established during multi-pass cold rolling, which
may contribute to lower its tensile strength to some
degree. BARNETT et al [9] suggested that the shear
bands are indeed soft because the easy glide basal planes
in the banded material are more favourably aligned for
shear. The increase in the fraction of bands with
increasing strain has been used elsewhere to explain the
drop in tensile yield stress with increasing rolling
reduction [13]. However, if the shin slab is required to be
produced with the annealing treatment as few as possible,
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the multi-pass cold rolling is a nice choice. Figure 6
shows the macrographs of the thin slab with the
thickness of 0.8 mm, which was produced by the
multi-pass cold rolling with the total thickness reduction
of 45%, annealing treatment at 350 °C for 30 min, and
the multi-pass cold rolling one again.

Fig. 6 Macrographs of thin slab produced by multi-pass cold
rolling and annealing treatment: (a) Sheet surface; (b) Side
margin

5 Conclusions

1) The 0.2% yield stress of the hot-rolled GZ31
sheet can be increased by 150% through the single-pass
cold rolling with the reduction of 23%, due to the high
intensity of dislocation and basal texture.

2) Compared with the hot-rolled GZ31 sheet, the
cold rolled sheet annealed at 350 °C for 30 min may get
an enhancement in strength without a great loss of
ductility.

3) Although it experiences a large total thickness
reduction, the sheet processed by multi-pass cold rolling
does not show a higher strength as expected, due to the
softening effect of shear bands.
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