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Abstract: The conventional hot rolling of AM50 alloy at different roll temperatures and speeds was performed to investigate the
effects of finish-rolling conditions on the mechanical properties and texture of rolled sheet. The better combination between strength
(ultimate tensile strength: 295 MPa; yield strength: 224 MPa) and ductility (22.9%) can be obtained for the AMS50 sheet rolled at the
roll temperature of 200 °C with the roll speed of 5 m/min. The yield stress depends strongly on roll temperature, while the texture
intensity in rolled sheets is more sensitive to roll speed during hot rolling. Increasing rolling temperature or roll speed can improve

the mechanical anisotropy of AMS50 rolled sheets.
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1 Introduction

With increasing applications of wrought magnesium
alloys as lightweight structural materials substituting for
steel and aluminum, rolled Mg sheets are expected to
produce for complex parts with thin-walled geometries
or large surface areas used in automotive and electrical
industries. However, a major obstacle encountered for
hot-rolled Mg sheet is the mechanical anisotropy and the
resulting limited press formability at ambient
temperature.  AGNEW and DUYGULU [1] have
demonstrated that the mechanical anisotropy is primarily
attributed to the strong basal texture where the c-axes
favor to be perpendicular to the rolling plane. Therefore,
changing the basal texture or weakening the texture
intensity would be an available approach to improve the
formability of the rolled sheet. Recently, some special
processes such as cross-rolling [2,3] and differential
speed rolling [4—6] have been developed to enhance the
stretch formability of AZ31 alloy since these methods
can effectively modify the rolling texture as compared
symmetrical ~ rolling.  The
microstructural analyses in these studies suggested that
the texture modification is mainly achieved by the
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introduction of intense shear deformation imposed in
normal direction throughout the sheet thickness. In this
regard, the final thickness of the rolled sheets produced
by these methods is usually limited to no more than
1 mm [2—-6].

Conventional symmetrical rolling has been
successful in producing the Mg sheets with a large range
of thickness, but it is yet unknown how to obtain the
rolled Mg sheet with weak texture intensity by this
conventional method. Our previous work [7] has studied
the effect of rough rolling and intermediate annealing
conditions on the mechanical properties of AMS50 rolled
sheets and suggested that excellent mechanical properties
can be obtained after conventional symmetrical rolling.
In this study, a systematic finish-rolling process was
performed. Effects of various roll temperatures and
speeds on mechanical properties and texture of rolled
sheet were investigated. Finally, an optimized rolling
schedule was proposed for AMS50 alloy to develop the
rolled sheet with weakening texture intensity.

2 Experimental

The investigated AMS0 (Mg—5.0%Al-0.3%Mn,
mass fraction) alloy was received in the form of as-cast
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slabs. The billets with 300 mm in length, 80 mm in width
and 25 mm in thickness used for rolling were cut directly
from the slabs and then homogenized at 424 °C for 24 h.
The mean grain size was about 311 pm for homogenized
billet. The sheet rolled to 2 mm in thickness with a total
cumulative rolling reduction of 92% was achieved
through a 12-pass rough rolling (10% per pass) and a
subsequent 4-pass finish rolling (30% per pass). Two
groups of finish rolling were adopted to study the
influence of roll temperature and speed on the
mechanical properties and texture of rolled sheet. The
finish-rolling conditions are listed in Table 1. The sheets
were reversed after each pass. The graphite lubrication
was used in hot rolling.

Specimens used for microstructure observations were
cut from the RN (RD—ND) and TN (TD—ND) planes of
finish-rolled sheets (RD: rolling direction; ND: normal
direction; TD: transverse direction). Electron back-
scatter diffraction (EBSD) observation was performed in
a JEOL scanning electron microscope (SEM) machine
operating at 25 kV. The samples for EBSD were
final-polished by colloidal silica suspension following
mechanical polishing. The orientation imaging
microscopy was measured at a step size of 0.4 um. The
strength of (0002) pole figures was measured on the
surface (RD—TD plane) of rolled sheets by X-ray texture
analysis. The tensile specimens with 50 mm in length,
2 mm in thickness and 4 mm in gauge width were
machined from the finish-rolled sheets with the angles of
0°, 45° and 90° between the tensile direction and the
rolling direction. All the tensile tests were carried out at
room temperature with an initial strain rate of 107 s .
The average values of mechanical properties were
calculated by X =(Xo+2X451tXg0)/4 based on the data of
the specimens of three orientations.

3 Results and discussion

The optical images in the RD—ND planes of AMS50
sheets rolled at different conditions are shown in Fig. 1.
The average grain sizes are examined to be 1.4, 3.4 and
4.2 um as roll temperature increases from 200 °C to
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300 °C (Figs. 1(a)—(c)), or 1.7, 3.3 and 3.7 um as roll
speed increases from 1 m/min to 20 m/min (Figs.
1(d)—(f)), respectively. For both groups of samples, the
grain refinement arisen from the occurrence of dynamic
recrystallization (DRX) is evidently observed. The
smaller grain size at lower roll temperature can be
attributed to a larger Zener—Hollomon parameter.
Furthermore, the particles precipitated at a low roll
temperature of 200 °C may provide more nucleation sites
for recrystallized grains during hot rolling. In particular,
those precipitates lying on the grain boundaries may
restrict the movement of grain boundaries, which is
another beneficial factor for grain refinement.

However, for the samples rolled at different roll
speeds, the grain size increasing with the increase of roll
speed has been found despite the fact that the effective
strain rate is larger at the high roll speed. This is because
a rapid roll speed would reduce the decrease of sheet
temperature resulted from the heat exchange but
significantly enhance the increase of sheet temperature
from the mechanical to thermal energy conversion,
which leads to a higher actual deformation temperature
during hot rolling [8]. For the sample rolled at Im/min, a
few elongated unrecrystallized grains and the
precipitation of second phase particles can also be
observed (Fig. 1(d)), whilst for the sheets rolled at 5 or
20 m/min, the DRX is fully complete.

The mechanical properties for the specimens tested
at different tensile directions are all listed in Table 1. It
can be found that the ultimate tensile strength (UTS) and
the 0.2% yield strength (YS) decrease, while the
elongation to fracture (EL) increases with the increase of
the roll temperatures or speeds. This reveals the strong
dependence of mechanical properties on the rolling
conditions. However, the influence of the roll
temperature and speed on the mechanical properties
exhibits different ways: as the roll temperature increases,
the elongation is enhanced slightly accompanied by a
notable decrease in YS, while a larger elongation is
attained and a relatively higher strength can be kept with
the increase of roll speed. For all these sheets studied,
the better combination between strength and ductility is

Table 1 Mechanical properties of AMS50 alloy rolled at different roll temperatures and speeds

Sheet Roll Roll speed/ UTS/MPa YS/MPa EL/%
temperature/°C temperature/°C  (m'min™')  0° 45° 90° Average 0° 45° 90° Average 0° 45° 90° Average
300 200 1 291 294 297 294 207 224 239 224 165195215 193
300 250 1 267 277 277 274 167 197 205 191  17.521.522.6 20.7
300 300 1 258 261 264 261 145 164 185 165 221228 216 224
200 200 1 300 303 313 305 230 238 257 241 113 141 197 148
200 200 5 294 294 297 295 212 226 231 224  21.1 246215 229

200 200 20 287 290 294

290 209 217 233 219 222 22.1 235 225
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°C (c) at sheet temperature of 300 °C and roll speed of 1 m/min, or at different roll speeds of 1 m/min (d), 5 m/min (e), 20 m/min (f)

at sheet temperature of 200 °C and roll temperature of 200 °C (Rolling direction is horizontal)

achieved in the sheet rolled at a roll speed of 5 m/min 300

with a sheet temperature of 200 °C. In this case, the
average UTS is 295 MPa, the average YS is 224 MPa

and the average elongation is 22.9%. i
Additionally, the comparison of the mechanical 85
properties of the samples tested at different directions £ 200
shows that both tensile strength and elongation increase % 141
=150 <

as the tensile direction ranges from 0° to 90°. The fact
that the rolled sample exhibits different elongation
depending on testing direction indicates the presence of 100
distinct anisotropy in ductility, which is commonly

observed in other rolled Mg alloys [9,10]. 50l ;

ECAP-AMG60 [14]

|
The 0.2% YS depending on the grain size can be 0 0.2 0.4

generally described by the well-known Hall-Petch d"um™?

relation. As shown in Fig. 2, the YS of the sheets in our

0.8 1.0

) i o Fig. 2 0.2% proof stress plotted against grain size for sheets
case is also plotted against the square root of grain size, rolled at different roll temperatures and speeds
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in which the YS increases with larger d'? value,
indicating that the grain refinement serves to the
enhancement in yield stress. From the linear fitting
results, it is clearly found that the YS obtained from
different tensile directions may be best fitted by a similar
slope for each group sheet, although the rolled sheets
exhibit strong mechanical anisotropy when they are
tested at different tensile directions. Note that, the
Hall-Petch slopes are different for the two groups of
samples. The slope for the samples rolled at different
speeds (85 MPa-um'” on average) is less than that for the
samples rolled at different temperatures (141 MPa-um'?
on average), indicating a weaker grain size dependence
of yield stress for the sheets rolled at different roller
speeds as compared with the sheets rolled at different
roller temperatures. That is, for the hot rolling of AMS50
alloy, the roller temperature change has a more
significant effect on the yield stress than the roller
speed.

At least two plausible viewpoints have been
presented to explain the significant variation of
Hall-Petch slope with deformation conditions or
microstructure characteristics. First, it is commonly
accepted that the Hall-Petch slope for deformation
twinning mediated plasticity is much larger than that for
ordinary dislocation plasticity [11—13]. However, this is
not the essential reason for our case. It is because that the
formation of deformation twinning in Mg alloys depends
strongly on the grain size [14], while the two groups of
rolled sheets studied have similar recrystallized grain
sizes (Fig. 1) and also these small grains are not
favorable for the activity of deformation twinning.

Second, the texture type, especially the texture
intensity, would also give rise to different Hall-Petch
slopes [15]. The previous work has studied the
application of equal channel angular pressing (ECAP) in
Mg alloys [14,15] and demonstrated that the difference
in yield stress for different samples contained not only
the contribution from the difference in grain size, but
also the contribution from the difference in texture. Since
ECAP can extensively weaken the strong basal fiber
texture, the weakening effect on yield stress from the
decrease in texture intensity is stronger than the
strengthening effect from the grain refinement, and
consequently results in a relatively small or even an
inverse Hall-Petch relation [15]. For the purpose of
comparison, the YS of ECAPed AM60 alloy [16] is also
shown in Fig. 2. The fitted Hall-Petch slope, 51
MPa-um'?, obviously, is less than either group of rolled
sheets. In order to fully understand the potential effects
of texture on yield stress and their distinct response to
the tensile directions, the discrepancy of texture in each
group of rolled sheets will be investigated in detailed as
follows.

EBSD measured (0002) pole figure and Schmid
factor of basal {a) slip in RD—ND and TD—ND planes, as
shown in Fig. 3, are used to study the effect of tensile
direction on mechanical properties. The samples are cut
from the sheet rolled at a roller speed of 20 m/min. It is
apparent that the texture of rolled AMS50 sheet exhibits a
basal fiber texture, that is, (0002) plane tends to be
parallel to rolling plane. Simultaneously, the inclination
of basal pole towards RD can also be found, which is
attributed to the occurrence of shear deformation
throughout sheet thickness. In this case, the basal slip can
be activated much easier when the tensile force is loaded
on the samples along RD than that when the tensile force
is loaded along TD. The activation of basal slip is
beneficial for enhancing the elongation of rolled sheet. In
addition, the Schmid factor should be quite small when
the slip planes are mostly parallel to the stress axis.
Therefore, RN plane has a relatively larger Schmid factor
of 0.22 than that of 0.18 in TN plane. According to
Schmid’s law, a larger Schmid factor prefers to result in a
remarkable decrease in YS.

Fig. 3 EBSD measured (0002) pole figure of RD—ND plane (a)
TD-ND plane (b), and Schmid factor of RD—ND plane (c) and
TD-ND plane of rolled sheet (d) (RD, ND and TD denote
rolling direction, normal direction and transverse direction of
sheet, respectively. The sheet was rolled at a roll speed of 20
m/min with a roll temperature of 200 °C)

As a useful supplement for the analysis of basal
texture in rolled sheets, the (1010) pole figures in TN
plane of sheets rolled at different speeds are shown in
Fig. 4. The (0002) pole figures for these samples are all
similar, as shown in Fig. 3(c). For the sheet rolled at a
roll speed of 20 m/min, the (1010) plane distributes
randomly and uniformly within TN plane although ¢ axis
tends to be parallel to the normal direction of the sheet.
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Fig. 4 (1010) pole figures of sheets rolled at roll speeds of 1 m/min (a), 5 m/min (b) and 20 m/min (c) with roll temperature of

200 °C

However, the distribution of (IOTO) plane in the sheet
rolled at a lower roll speed exhibits some given
orientations relative to TN plane. The anisotropy in the
tensile elongation is also likely related to this difference
of the special texture component.

The texture intensity under different rolling
conditions was investigated by means of the (0002) pole
figures on the sheet surface (RD—TD plane) measured by
XRD. The result is shown in Fig. 5. A trend for the
texture intensity to decrease with the increase of the
roller temperatures is clearly observed. It is known that
non-basal slips may be activated with the increase of the
deformation temperature since the critical resolved shear
stress decreases sharply as the temperature increases. The
activation of non-basal slips enhances the deformation
capability and in turn weakens the basal texture intensity.
Additionally, the comparison for the sheets A and B
(Fig. 5) rolled at the same condition except for the sheet
temperature shows that the texture intensity can also be
weakened by increasing the sheet temperature. On the
other hand, the texture intensity decreases from 11.7 to
6.2 as the roll speed increases. For the texture change
with different roller speeds, apart from the influence of
the discrepancy of actual deformation temperature as
mentioned earlier, more shear deformation
favored to be imposed in the sheet rolled at a high speed
may also result in the inclination of c-axis towards RD
and the resulting weaker texture intensity. Interestingly,
the decrement of texture intensity with the increase of
roller speed is larger than that in the samples rolled at
different temperatures (decreasing from 10.7 to 7.9),
indicating that increasing roller speed can weaken the
texture intensity more effectively, and consequently
enhance the weakening role of texture on yield stress.
This is another reason responsible for the Hall-Petch
slope of the samples rolled at different speeds less than
that rolled at different temperatures (Fig. 2).

Generally, a favored texture for the basal (a) slip in
the rolled sheets produced by means of some special

severe
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rolling methods [5,17] is considered as the primary
reason for a superior formability in both deep drawing
and stretch forming, while the conventional rolling
usually strong basal High
temperature that contributes to the decrease of the critical
resolved shear stress for prismatic and pyramidal slip
systems [18] and/or high strain rate that contributes to
the occurrence of twinning [19] have also been reported
to significantly contribute to plastic deformation of rolled
sheets, even during the conventional rolling [20]. Also,
the results in this work show that increasing the roll
temperature or speed during hot rolling is an effective
approach to improve the mechanical anisotropy and
possibly enhance the formability of AM50 rolled sheet at
room temperature. Furthermore, according to Figs. 2 and
5, it can be concluded that the roll speed has a
remarkable effect on the texture intensity as compared
with roll temperature, while the influence of roll
temperature on yield stress is relatively evident. In
addition, the microstructure simulation of hot rolling of
AMS0 alloy shows that microstructural heterogeneity
may be improved as roll temperature or roll speed
increases [8]. Therefore, it is conceivable that the hot
rolling conducted at a high roll temperature with a high

results in a texture.



2766

roll speed is a feasible finish-rolling schedule for the
manufacture of AMS50 sheet with the weak mechanical
anisotropy and excellent formability.

4 Conclusions

1) The average UTS of 295 MPa, the average YS of
224 MPa and the average elongation of 22.9% can be
obtained for AMS50 sheet rolled at the speed of Sm/min.
The rolled sheets exhibit a mechanical anisotropy
depending on the tensile direction.

2) The texture intensity of rolled sheets decreases
with the increase of roll temperature or roll speed. The
roll speed has a dominant effect on the texture intensity,
while the yield stress depends strongly on roll
temperature.

4) It is shown that the weak mechanical anisotropy
and excellent formability of AMS50 alloy sheet can be
obtained by rolling at high roll temperature with high roll
speed.
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