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Abstract: Explosively welded Ti/steel clad plates were one-pass warm rolled by 60%, microstructures of the Ti layer and steel layer

adjacent to interface were investigated, and shear strength of the one-pass warm rolled clad plates was tested. Results show that the

one-pass warm rolling process can cause obvious shear deformation in both the Ti layer and steel layer adjacent to the interface.

Because of the shear deformation, the RD-split basal texture forms in the Ti layer. In the steel layer, high fraction of the rotated cube

texture and low fraction of the y fiber texture form. Compared with the common multi-pass rolling method, shear strength of the one-

pass warm rolled Ti/steel clad plate is improved because the shear deformation refines the interfacial compounds.
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Explosively welded bi-metal or multi-metal clad plates are
often subjected to rolling process to enlarge dimension and to
improve mechanical properties'”. During rolling, temperature
and reduction are two important parameters, which seriously
affect microstructures and mechanical properties of the clad
plates™ .

Normally, warm rolling is considered as an effective
processing method for large scale industrial production. In the
meanwhile, the process also has cost advantage® . It is
reported that warm rolling can increase the crystal defects of
the invar alloy (Fe-36.6Ni-1.5Cr-1.3Mo-1.1V-0.22C) and then
improve the mechanical properties of the alloy. The invar
alloy warm rolled at 750 °C presents the maximum ultimate
strength of 921 MPa, increased by 21% compared to the alloy
without warm rolling™. The 0.10C-0.32Si-1.50Mn-0.015P-
0.003S-0.04Nb-0.06V-0.015Ti steel was warm rolled. Re-
search results showed that the main mechanism of micro-
structure evolution during warm rolling is dynamic recovery.
In the meanwhile, warm rolling can also refine grains. As a
result, the warm rolled steel has greatly enhanced strength (64
—158 MPa) compared to the conventionally rolled steel, and
the warm rolled steel has high elongation in spite of high
strength®™. The warm rolled 9Mn steel was investigated by
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researchers, and results showed that the warm rolled 9Mn
steel contains austenite and deformed ferrite/martensite. In
addition, the occurrence of dynamic recovery during warm
rolling results in a low storage energy of recrystallization.
Consequently, the warm rolled and annealed 9Mn steel shows
a better combination of ultimate tensile strength (1380 MPa)
and total elongation (29.11%)"".

Large strain rolling is a high efficiency rolling process,
which can refine grains and improve mechanical properties of

[10]

metallic materials For example, AA7020 plates were
warm rolled, and research results showed that the increase
in rolling reduction causes long strip grains. An increase in
the rolling reduction improves the mechanical properties
of the AA7020 alloy"". The ZK60 alloy was warm rolled,
and results showed that with the increase in rolling reduction,
the hardness and tensile strength of the alloy increase, and
the rolling process improves the workability of the ZK60
alloy!.

Warm rolling can improve elongation and strength of
metallic materials. At the same time, large strain rolling can
also improve the mechanical properties of metallic materials.
Normally, the warm rolling and large strain rolling are often
used to process single metallic materials, and the effect of
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warm rolling and large strain rolling on mechanical properties
of bi-metal clad plates is still unclear. For the clad plates,
interface is an important structure, the warm rolling and large
strain rolling can affect the interface and then affect the
mechanical properties of bi-metal clad plates. In the present
study, explosively welded Ti/steel clad plates were warm
rolled at 450 ° C. In order to investigate the influence of
rolling path on shear strength of the plate, two different
rolling paths, i. e. one-pass rolling and nine-passes rolling
were applied. The interface and the microstructure adjacent
to the interface of the warm rolled clad plates were studied,
and the shear strength of the warm rolled clad plates was
tested.

1 Experiment

The explosively welded Ti/steel plates (50 mmx10 mmx5.6
mm, thickness of the Ti layer was 2.8 mm) were chosen as the
raw materials. The chemical compositions (wt% ) of the Ti
were 0.06 Fe, 0.01C, 0.01 N, 0.01 H, 0.08 O and the balance
Ti. The steel was composed of 0.15 C, 0.23 Si, 0.67 Mn and
the balance Fe (wt%).

The plates were heated to 450 °C in an argon filled furnace
before rolling. Fig. 1 shows the technological process of the
one-pass rolling or nine-passes rolling. In order to facilitate
the rolling, the front of the samples was cut into wedge shape.
The Ti/steel clad plate was rolled to 2.8 mm by one pass (the
rolled plate was labeled as 1P-60) or nine passes (the rolling
reduction for each pass was 10%, the last pass was 7%, and
the rolled plate was labeled as 9P-60), and the rolling
reduction was 60%.

Microstructure of the warm rolled clad plates was studied
by scanning electron microscope (SEM, JEOL JSM-7900F).
Samples for the SEM observation were ground by abrasive
papers and then polished by a diamond polishing spray (0.25
pum). The chemical element distribution of the samples was
detected by energy-dispersive spectroscopy (EDS). Electron
backscattered diffraction (EBSD, Oxford
Nordlys Max’) was also used to reveal the microstructure of
the samples adjacent to the interface. Samples for EBSD

Instruments,

characterization were ground and electro-polished. The
electrolyte for the polishing was a mixture of methanol (60
mL), butoxyethanol (34 mL), and perchloric acid (6 mL).
Electro-polishing was conducted at 18 V with an electric
current of 0.4 A and a polishing time of 30 s. The EBSD data
were obtained by an indexing step of 1.0 um and analyzed

1 pass or 9 passes

Fig.1 Diagram of one-pass rolling or nine-passes rolling

using HKL"® Channel 5 software.

The shear strength of the warm rolled clad plates was tested
by tensile shear test. Sample for the tensile shear test is shown
in Fig.2. Each sample was tested by three times, and the final
shear strength of the sample was the mean value. A Vicker’s
hardness tester was used to test the hardness of the samples.
The load was 100 g, the holding time was 10 s, and the
distance between the test points was 25 um.

Strain distribution conditions of samples during one-pass
polling and the first pass of the nine-passes rolling were
obtained by finite element (Deform-3D) method. The
inseparable Ti and steel were defined as the deformation parts.
However, the rollers were defined as rigid. The friction
contact between the Ti layer and steel layer and the rollers was
defined to ensure authenticity of the simulation.

2 Results

2.1 Microstructure of Ti adjacent to interface

Fig.3 shows the inverse pole figure (IPF) of Ti adjacent to
the Ti/steel interface in different samples. Grains in both the
1P-60 and 9P-60 samples are seriously deformed, and high
density of low angle grain boundaries (LAGBs) are observed
in the deformed grains. In the 1P-60 sample, as shown in
Fig.3a, obvious shear bands (circled by white dotted line) are
observed, which indicate that shear deformation is activated.
Grain size of the 1P-60 sample is not uniform, grains of the
shear bands are smaller than grains not in the shear bands.
However, in the 9P-60 sample, as shown in Fig.3b, grain size
is homogeneous, and obvious shear deformation is not
observed.

The {0001} pole figures of Ti adjacent to the Ti/steel
interface in different samples are shown in Fig.4. In both the
samples, a normal texture of Ti after rolling, namely the TD-
split basal texture, is identified. The basal poles of Ti tilt away
from the normal direction (ND) to the transverse direction
(TD). In the meanwhile, the basal poles of Ti also tilt from the
ND to the rolling direction (RD) to form the RD-split basal
texture. The tilted angle of the RD-split basal texture in the
two samples is different, which is 29° in the 1P-60 sample and
24° in the 9P-60 sample.
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Fig.2 Sample for the tensile shear test
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Fig.3 IPF of Ti adjacent to the Ti/steel interface: (a) 1P-60 sample
and (b) 9P-60 sample

29° 24°

~
~

ND

[ Max: 13.23
RD

Fig.4 {0001} pole figures of Ti adjacent to the Ti/steel interface:
(a) 1P-60 sample and (b) 9P-60 sample
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2.2 Microstructure of steel adjacent to interface

Fig. 5 shows the IPFs of steel adjacent to the Ti/steel
interface in different samples. In the 1P-60 sample, as shown
in Fig.5a, shear deformation is also identified, and shear bands
containing fine grains are observed. In the 9P-60 sample, as
shown in Fig.5b, grains are elongated along the RD, and shear
bands are not observed.

Fig.6 shows the ¢,=45° sections in ODFs of steel adjacent

OOIAIOI

Fig.5 [IPFs of steel adjacent to the Ti/steel interface: (a) 1P-60
sample and (b) 9P-60 sample
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Fig.6  ¢,=45° sections in ODFs of steel adjacent to the Ti/steel
interface: (a) 1P-60 sample and (b) 9P-60 sample

to the Ti/steel interface in different samples. Three main
textures, i.e. rotated cube texture ({001} <110>), and y-fiber
texture ({111} <112> and {111} <110>) are identified in both
the samples, and the texture kind is same. However, the
fraction of different textures in the two samples is different.
Fig.7 shows the texture fraction in different samples. In the
1P-60 sample, the fraction of the rotated cube texture is higher
than that in the 9P-60 sample. On the contrary, the fraction of
the y-fiber texture in the 1P-60 sample is lower than in the 9P-
60 sample.
2.3 Microstructure of interface

Backscattered electron images of the Ti/steel interface in
different samples are shown in Fig.8. In both the samples, the
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Fig.8 Backscattered electron images of the Ti/steel interface: (a) 1P-
60 sample and (b) 9P-60 sample

Ti/steel interfaces are intact, and flaws such as cracks, voids
are not observed. Interfacial compounds are observed at the
interface. In the 1P-60 sample, the size of the compounds is
small. However, in the 9P-60 sample, the size of the
interfacial compounds is much larger.

2.4 Mechanical properties

Shear strengths of different samples are shown in Fig.9. The
mean shear strength of the 1P-60 sample is 266.8 MPa. Mean
shear strength of the 9P-60 sample is lower, 188.7 MPa.

Fig. 10 shows the hardness of different samples adjacent to
the interface. Apparently, in both the Ti layer and the steel
layer, hardness value of the 1P-60 sample is higher than that
of the 9P-60 sample.

3 Discussion

Fig. 11 shows the equivalent strain distribution of Ti in the
two samples during rolling. In the 1P-60 sample, as shown
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Fig.9 Shear strength of different samples
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Fig.10 Hardness of different samples adjacent to the interface
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Fig.11 Equivalent strain distribution of Ti in different zones of 1P-

60 sample (a) and 9P-60 sample (b) during rolling

in Fig. 11a, the near interface zone shows an enlargement
in strain compared with the near roller zone and the central
zone. On the contrary, in the 9P-60 sample, as shown in
Fig.11Db, the near roller zone shows a surge in strain compared
with the central zone and the near interface zone. In Fig. 12,
the strain distribution of the steel layer is similar to that of the
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Fig.12 Equivalent strain distribution of steel in different zones of

1P-60 sample (a) and 9P-60 sample (b) during rolling

Ti layer.

In the 1P-60 sample, the increase in strain of the near
interface zone results in shear deformation in the Ti layer and
the steel layer, as shown in Fig.3a and Fig. 5a. It has been
reported that shear deformation can refine grains'”'", so fine
grains are observed in the shear bands. In the 9P-60 sample,
because the rolling reduction is small, obvious deformation
only happens in the near roller zone. As a result, no obvious
shear deformation is observed in Fig.3b and Fig.5b.

The shear deformation also affects the grain orientation of
the Ti layer and steel layer. During shear deformation, the

basal slip planes of Ti are tilted from ND to RD. As a result,
the RD-split basal texture forms. As the 1P-60 samples go
through obvious shear deformation, the tilted angle in Fig.4a
is bigger than that in Fig.4b. In the steel layer, it is reported
that the rotated cube texture ({001} <110>) is sensitive to the
shear deformation, the texture is often identified at the
location underwent shear deformation®. Because the near
interface zone in the 1P-60 sample possesses obvious shear
deformation, the texture fraction in this sample is larger as
shown in Fig.7. Earlier research results also showed that the
shear deformation can promote the translation of the y fiber
texture to other textures'”. As a result, in Fig.7, the fraction of
the y fiber texture in the 1P-60 sample is lower than that in the
9P-60 sample.

The normal interfacial compounds at the Ti/steel interface
include TiC, FeTi, and Fe,Ti, which possess extremely high
hardness value and poor deformation ability"**”. During
rolling, in the 1P-60 sample, because the most obvious shear
deformation occurs at the near interface zone in the Ti layer
and steel layer, stress concentration occurs at the interface. As
a result, in Fig.8a, the compounds break into smaller pieces.
On the contrary, deformation of the near interface zone in the
Ti layer and steel layer in the 9P-60 sample is inconspicuous,
and the strain and stress concentration at the interface are
small. As a result, in Fig. 8b, the large size compounds are
remained”".

Fig. 13 shows the morphologies and element distribution
map of fracture after tensile shear test for different samples. In
Fig.13a and 13b, both the Ti layer and the steel layer show the
presence of Ti element, while the Fe element is not detected,
which means that the fracture occurs at the Ti layer adjacent to
the interface. As shown in Fig. 13c and 13d, in the 9P-60
sample, both the fracture surfaces show the presence of Ti and
Fe elements, indicating that fracture occurs at the Ti/steel

200 um

Fig.13  Morphologies and element distribution maps of fracture after tensile shear test of 1P-60 sample (a—b) and 9P-60 sample (c—d): (a, c) Ti

layer and (b, d) steel layer
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Fig.14 Crack propagation path in 1P-60 sample (a) and 9P-60

sample (b) during tensile shear test

interface. The crack propagation path during tensile shear test
is shown in Fig. 14. In the 1P-60 sample, because the size of
interfacial compounds is smaller, they can strengthen the
interface™. As a result, the fracture turns to translate along
the Ti layer which possesses lower strength compared to

the steel layer™

. However, in the 9P-60 sample, the size
of the interfacial compounds is larger, so they cannot
withstand deformation, and thus micro-cracks occur in the
compounds and converge at the interface. The spread of
the crack at different zones leads to different shear strengths
of the two samples. The Ti layer in the IP-60 sample
possesses higher strength compared to the interface of the 9P-
60 sample, so the 1P-60 sample possesses higher shear

strength value.
4 Conclusions

1) Explosively welded Ti/steel clad plate can be warm
rolled by 60% in one rolling pass.

2) The one-pass warm rolling process can cause obvious
shear deformation in both the Ti layer and steel layer
adjacent to the interface. As a result, in the Ti layer, the
RD-split basal texture forms. In the steel layer, high fraction
of the rotated cube texture ({001} <110>) and low fraction of
the yp fiber texture ({111} <I112> and {111} <I110>) are
observed.

3) The interfacial compounds are refined by the shear
deformation in the one-pass warm rolled Ti/steel clad plate.
The interface strengthened by fine interfacial compounds
can withstand larger loads without cracking. Shear strength
of the one-pass rolled Ti/steel

warm clad plate is

improved.
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