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Abstract: To clarify the influence of the deformation texture on the mechanical properties, pure Mo plates were
processed by various cross rolling procedures, and the relation among texture, microstructure and mechanical properties
was discussed. The results show that cross rolling of the Mo plates is beneficial for the formation of the rotated cube
component, i.e., {001}(110). The corresponding orientation density exhibits a positive correlation with the total rolling
deformation and the current-pass deformation. When the total deformation is 96% or greater, the Mo plates form a
texture orientation dominated by {001}(110), whereas the y-fibre texture becomes weaker and the cube texture
{100}(100) disappears completely. The presence of {001}(110) has great effects on the properties of cross-rolled Mo
plates, which is beneficial for strength enhancement and plasticity reduction in both the rolling direction (RD) and the

transverse direction (TD).
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1 Introduction

Molybdenum (Mo) is a body-centered rare
refractory metal with a high melting point, high
strength, high modulus of elasticity, low expansion
coefficient, and outstanding electrical and thermal
conductivity [1—4]. Mo and its alloys have been
widely used in the metallurgy, military, electronics
and steel industries [5—8]. Rolled Mo plates are
important products in the field of Mo processing,
and texture has a substantial influence on the
mechanical performance of these plates. FUJII
et al [9]studied the effects of rolling and annealing
processes on grain changes and texture evolution in
pure and doped molybdenum. OERTEL et al [10,11]
reported that straight rolling generated o-fibre
textures with a maximum at {100}{110), and the

maximum shifted to {112}(110) at higher rolling
degrees; in contrast, cross rolling formed a texture
orientation dominated by the rotated cube
component {100}(110). They also wused the
Taylor—Bishop—Hill theory to qualitatively explain
the plastic anisotropy of the sheets. CHAUDHURI
et al [12] found that (001) fibre textures became
stronger during dynamic recrystallization. YOU [13]
summarized that Mo plates formed o-fibre textures
with cold rolling reduction of 30%—60% and y-fibre
textures with reduction of 70%—80%. When the
reduction reached 90%, the (001) textures were
weakened, whereas the (111)
strengthened.

At present, most related researches focus on
the evolution of textures, and there are few studies
on the effects of cross rolling deformation on the
correlation between the mechanical properties and

textures were
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texture evolution of pure Mo plates. In this work,
pure Mo plates were obtained by different cross
rolling processes, and the corresponding textures
and mechanical properties were determined. The
anisotropy of the tensile strength of these plates was
also analyzed and discussed from the perspective of
grain orientation, which would provide a theoretical
basis for the development of high-performance Mo
plates.

2 Experimental

Typically, the original Mo powders (3 pm)
were pressed into plates with a thickness of 30 mm
at 250 MPa for 60 s. Then, the plates were sintered
at 1900 °C in hydrogen for 4 h. The grain size of
the sintered plates was approximately 50 pum, and
the texture was nearly random. The chemical
composition of the Mo plates is given in Table 1.
Rolling experiments were carried out by various
cross rolling processes, and the obtained samples
were named Al, A2, B1 and B2. First, all of the Mo
plates were hot-rolled from 30 to 19 mm at a
starting temperature of 1400 °C. Then, the plates
were subjected to reverse rolling. The Plates A were
hot-rolled to 4.5 mm, whereas the Plates B were
hot-rolled to 3 mm. Finallyy, Mo plates with
thicknesses of 2 and 1 mm were obtained by warm
rolling at a starting temperature of 900 °C. The flow
chart of cross rolling is shown in Fig. 1. All plates
were annealed at 800 °C for 1 h after rolling.

Table 1 Chemical composition of starting Mo billets
(wt.%)

o N C Fe Ni Si Mo
0.0048 0.0035 0.0066 0.003 0.002 0.002 Bal.

According to Fig. 1, both Al and A2 were
cross-rolled from 4.5 to 2 mm, and then A2 was
further cross-rolled from 2 to 1 mm. Moreover, B1
and B2 were cross-rolled from 3 to 2 and 1 mm,
respectively. After rolling, the tension test samples
were taken in the rolling direction (RD), transverse
direction (TD) and 45° to the rolling direction
(45°D). These samples, which had a gauge length of
50 mm, were subjected to tension tests on a
universal testing machine (Instron 8802) at a
crosshead displacement rate of 2 mm/min.

There were a total of 24 tension test samples,

Mo billet 30 mm

in thickness
RD
hot rolling
[19 mm |
TD
hot rolling
(11 mm |
RD
hot rolling
4.5 mm 3 mm
TD TD

warm rolling warm rolling

[2mm(AD| | 2mm | [2mmB1)]

RD
‘warm rolling

1 mm (A2)

Fig. 1 Flow chart of cross rolling

[ 1 mm (B2)|

among which two parallel samples were taken from
each plate. Hardness tests were conducted on an
HVS-1000 Vickers hardness tester with a load of
0.3 kg and a dwell time of 15 s. Five hardness
measurements were taken for each sample, and the
average value was determined. The microstructures
were observed with a Leica DMIL LED inverted
microscope. The
performed on the surface and centre of the plates,
which were prepared by mechanical polishing. The
pole figures of (110), (200) and (211) were obtained
with a Bruker X-ray texture stress metre (D8
Discover) using Cu K, radiation, which were
analyzed by relevant software to determine the
corresponding orientation distribution function
(ODF) patterns and the diagrams of orientation
lines that characterized the texture.

texture measurements were

3 Results and discussion

3.1 Effects of cross rolling on texture

The ODF patterns were obtained by detecting
and analyzing the surface texture of the four rolled
Mo plates. Cross-sectional views of constant
@,=45° are shown in Fig. 2. All the Mo plates
exhibit a strong rotated cube component, which is
{001}(110) with coordinates (0°, 0°, 45°), when the
Mo plates are rolled to 2 mm. In addition,
continuous o-fibre and y-fibre textures, including
{111}(110) and {111}(112), and a cube texture,
i.e., {001}(100), are found. When the Mo plates are
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Fig. 2 ODF patterns of Mo plates at constant ¢,=45°: (a) Al; (b) A2; (c) B1; (d) B2

rolled to 1 mm, the orientation density of
{001}(110) increases from 9.01 in Al to 13.95 in
A2 and increases from 3.90 in Bl to 16.69 in B2.
Furthermore, both a-fibre and jy-fibre textures
become discontinuous. The orientation intensities of
the textures, including {111}(110) and {111}(112),
are not remarkably changed but become weaker
than the {001}(110) texture. The cube texture
disappears completely. When the total deformation
is 96% or greater, the Mo plates form a texture
orientation dominated by {001}(110). The
{001}(110) orientation density of Al is stronger
than that of B1, and that of B2 is stronger than that
of A2. The other components have similar trends.
According to Figs. 1 and 2, the orientation
density of {001}(110) is also related to the rolling
deformation of the current pass. In the last reverse
rolling step, the reduction rates of Al and B1 were
55.6% and 33.3%, respectively, whereas the
reduction rates of A2 and B2 were 50.0% and
66.7%, respectively. Therefore, the orientation
density of {001}{110) in Al is higher than that in
B1, whereas the orientation density of {001}(110)
in A2 is lower than in B2. Moreover, the
{001}(110) enhancement in B1 and B2 is greater
than that in Al and A2. Evidently, it can be
concluded that the density of {001}(110) is
directly proportional to the deformation degree.
{HKL}{uvw) and (¢, @, ¢,) are two expressions of
texture orientation, and the conversion formulas

between them are shown as follows [14]:
H:K:L=sin @sinp,:sin @cos ¢,:cos P (D)

u:v:w=(cos ¢cos P,—sin@;sing,cos P):
(—cos @sin@,—sing,cos p,cos @):sing;sin @
@)

In these formulas, (0°, 0°, 45°), (90°, 0°, 45°)
and (0°, 54.7°, 45°) correspond to (001)[110],
(001)[110] and (111)[1 10], respectively. According
to Fig. 2, the grain orientations are concentrated at
(001)[110] and (001)[110], while weak (111)[110]
also exists.

Figure 3 shows the orientation density
variation of the textures. These results intuitively
indicate that the grain orientation of the Mo plates
generally tends to evolve and aggregate towards
{001}(110) and that the 0°-30° a-fibre textures are
obviously strengthened with the increase in total
rolling deformation. Other a-fibre textures still exist
but are weaker. The orientation density values of
the y-fibre textures are nearly below 2, and the
70°—90° yp-fibre textures are slightly reduced with a
higher deformation degree.

According to the ODF patterns in Fig. 2, the
evolution process of grain orientation during cross
rolling is depicted in Fig. 4. The slip direction of
Mo is (111), and the slip planes are usually {110}
and {112} [13,15]. The rolling process of Mo
causes the slip system of {110}(111) to start first
according to the Schmid’s law [16,17]. Then, other
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slip systems are also activated due to the increased
deformation resistance. The grains are changed
from the original free orientation to produce
textures during cross rolling, including {111}{110),
{111}(112) and {001}{110). Finally, a grain
orientation dominated by {001}(110) is obtained.
Figure 4 reveals that the orientation of {001}(110)
is along the (110) crystal orientation of the grains in
both RD and TD.

3.2 Microstructure

The microstructures of the RD—TD sections of
all the Mo plates are shown in Fig. 5. Some grains
are homogeneous with a quasi-spherical shape, and
most of grains are elongated along the RD and TD
during cross rolling. There are few differences in
the microstructures between the RD and TD,
making the stress and strain distribution
uniform [18].

3.3 Effects of cross rolling on mechanical
properties
The Vickers hardness of the four samples was
measured, and the results are shown in Fig. 6. This

0 10 20 30 40 50 60 70 80 90 60 70 80 90

9:/(%)

figure shows that the hardness values of Plates A
and B are increased by 3.7% and 9.6%,
respectively, which can be attributed to the work
hardening with a higher deformation degree. Figure
7 shows the relationship among the tensile strength,
elongation and sampling direction for the Mo plates
with the same thickness. All the Mo plates exhibit
only a slight anisotropy with the lowest tensile
strength and the highest elongation along the 45°D
and the highest tensile strength and the lowest
elongation along the TD.

The in-plane anisotropy (IPA) index is one of
the characteristic indexes for anisotropy, for which
the formula is expressed as follows [19,20]:

IPA = {[(N = DX ux = Ximia1 = Xmia2 —L

max m

Xmid(N—Z) _Xmin]/[(N_l)Xmax]}XIOO% (3)

where N is the number of sampling directions,
which is 3, and Xpax, Xmin and X4 are the
maximum, minimum and intermediate values of
tensile strength (o) in the sampling direction,
respectively. The calculated results are shown in
Fig. 8. The IPAs of all the plates are relatively low
(<10%), indicating that the cross rolling process can
effectively reduce the anisotropy of tensile strength
in the Mo plates. For the Plates A, the IPA of A2 is
lower than that of Al due to the additional cross
rolling process. For the Plates B, the deformation of
B2 in the last reverse rolling pass is much greater
than that of B1, which creates an obvious
discrepancy in strength enhancement in different
directions, as confirmed by B2 having a much
higher IPA than B1.

In addition, regarding the plates with the same
thickness, the hardness and tensile strength of Al
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Fig. 5 Optical images of Mo plates in RD—TD sections: (a) Al; (b) A2; (c) B1; (d) B2
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Fig. 6 Vickers hardness of rolled Mo plates

are higher than those of B1 and the hardness and
tensile strength of A2 are lower than those of B2 in
both the RD and TD; the elongation evolution
exhibits the opposite trend. A1 and B2 store more
deformation energy and a stronger degree of work
hardening because these plates sustain greater
deformation in the last reverse rolling pass.
Furthermore, the trends in hardness, tensile
strength, and elongation are very similar in the
45°D as a result of the 90° cross rolling step. High
intensities of the y-fibre textures are beneficial for
good isotropy [11]. As a result, Bl and A2 show a

better isotropy than Al and B2 (Fig. 8), which is
consistent with the results shown in Fig. 3(b).
However, the correlation between y-fibre texture
and isotropy is still not strong.

Crystallographic texture is the main source of
anisotropy [21-24]. In the grains with an
orientation of {001}(110), the crystal orientation of
[110] corresponds to the RD, the crystal orientation
of [110] is consistent with the TD and the crystal
orientation of [100] is along the 45°D. The tensile
strength values in the TD and RD are close and are
obviously higher than that in the 45°D. Moreover,
the descending order of elongation rate is
45°D>RD>TD. From Fig. 3(a) and Fig. 7, it can be
seen that the orientation density of {001}(110) and
the mechanical properties in the three directions
have obvious correlations. Therefore, we can
conclude that the rolled Mo plates have a relatively
high intensity along the (110) crystal orientation
and a low intensity along the (100) crystal
orientation. The presence of {001}(110) is
beneficial for increasing the strength and decreasing
the plasticity in the RD and TD. In conclusion, to
obtain a higher tensile strength and elongation rate,
(110) and (100) crystal orientations are preferred,
respectively.
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4 Conclusions

(1) In the cross rolling process, Mo plates
produce a-fibre, y-fibre and cube textures at a lower
deformation. The orientation density of the rotated
cube component, i.e., {001}(110), shows a positive
correlation with the total rolling deformation and
the deformation of the current pass. When the total
deformation is 96% or greater, the grain orientation
is dominated by {001}(110), whereas the y-fibre

texture becomes weaker and the cube texture
{100}(100) disappears completely.

(2) The presence of {001}(110) in Mo plates is
beneficial for increasing the strength and reducing
the plasticity in both the RD and TD. In addition,
(110) and (100) crystal orientations are preferred for
increasing the tensile strength and elongation rate,
respectively.
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