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Abstract- This study aims to investigate mechanical properties, including shear bonding strength, internal friction, dynamic 
elastic modulus of taitanium/ stainless steel (SUS316) clad structures bonded by hot rolling. Microstructures and chemical 
compositions are investigated using electric microscopes. Hot rolling temperature ranges from 900 to 1050 oC. The 
experiment demonstarated the following ressults. Different microstructures and bonding strength are obtained at each hot 
rolling temperature. At Ti/ SUS316 interfaces, Ti/ Fe intermetallics exist with some oxides from the electric microscope 
examinations. The thickness of interface layers increases with inctreaing hot rolling temperatures. These interface structures 
highly affect the bonding strength. The maximum bonding strength is obtained for the samples hot-rolled at 950 oC. From 
the fracture surface examinations, some brittle fracture occurs at the interface in some samples. Some Ti remains on fracture 
surfaces of SUS316 layers in samples hot-rolled at 1000, 1025 and 1050 oC . For internal frictions and dynamic elastic 
modulus, the samples hot-rolled at 925 and 950oC show high internal frictions and there is not much deference among all the 
samples in dynamic elastic modulus. 
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I. INTRODUCTION 
 
Multi-layered structures possess various properties 
which surpass those of single metal sheets. Multi-
layered structures not only preserve the original 
characteristics of the individual layer metals but also 
provide additional functional properties [1]. 
Functional compound multi-layered sheets and 
sandwich sheets are being widely manufactured for 
increasing industrial needs. Multi-layered structures 
can have advantageous characteristics with different 
material combinations, such as good thermal 
conductivity, anti-corrosion properties, wear 
resistance, surface quality, and so forth. Therefore, 
clad structures have become a good solution for 
products with multi-functional requirements raised in 
chemical industry, maritime industry, electric 
appliance industry and automobile industry [2].  

Multi-layered structures can be produced by 
explosion, forging, roll bonding, friction welding, or 
coaxial extrusion [3]. Among these, the most 
economic and productive manufacturing process for 
large-sized flat clad metal sheets should be roll 
bonding. The plural raw sheets are rolled together and 
bonded into a unified clad sheet. Roll bonding, as a 
solid phase welding method for bonding dissimilar 
metals at room temperature or elevated temperature, 
has been applied to fabricate laminated composites 
[4]. The roll bonding process has many advantages 
such as accurate dimension control, fine surface 
quality, and straight bonding layers [5,6,7]. 

Damping properties of the multi-layered structures 
have been recognized to be of crucial importance to 
suit operational needs in cyclic loading and vibration 
of structures. Damping is a kind of energy 
dissipation, which may be due to a combination of 
such mechanisms as visco-elastic behavior of each 

material, thermo-elastic damping due to cyclic heat 
flow, material damages etc [8]. Damping in multi-
layered structures involves a variety of energy 
dissipation mechanisms that depend on vibrational 
parameters such as frequency, amplitude and 
environmental conditions such as temperatures.  

Titanium clad steel construction provides a 
significant cost reduction in comparison to solid 
titanium, in various structures such as clad pressure 
vessel applications. In spite of their numerous 
effective combination of properties, titanium/ 
stainless steel clads are not much in use because of 
the difficulty in fabrication [9,10]. 

In this study, titaniumu/ stainless steel (SUS316) 
clad structures have been fabricated using hot rolling 
methods. mechanical properties, including shear 
bonding strength, internal friction, dynamic elastic 
modulus, nanoindentation hardness and elastic 
modulus at the interfaces, of the Ti/ SUS316 clad 
structures have been investigated. 
 
II. DETAILS EXPERIMENTAL 
 
2.1. Materials and Procedures 
Titanium (99.5 mass % Ti) sheets and stainless steel 
(SUS316) were bonded by hot rolling. Initially both 
sheets were heat-treated at 700oC for 20 minutes. 
These sheets were bonded by hot rolling into 2 (Ti/ 
stainless steel) or 3 (stainless steel/ Ti/ stainless steel) 
layered structures with a reduction rate of 50% for 2 
layers and 33% for 3 layers, respectively, that is, the 
reduced thicknesses of both structures were 1mm. 
The roll diameter and rolling speed were 100mm and 
12 m.p.m., respectively. Hot rolling temperature 
ranges from 700 oC to 1050 oC. Before hot rolling, 
the Ti and SUS316 sheets were degreased by 
swabbing with acetone and drying in air. The surfaces 
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of ingredient materials sheets were scratched by 
brushing. The hot rolling fabrication process is 
illustrated in Fig.1. 2 layered samples were used for 
investigation of microstructures, as well as 
measurement of internal friction and dynamic elastic 
modulus. 3 layered samples were used for 
investigation of shear bonding strength and strain. 
The samples for microscope observation were 
prepared by embedding the pieces cut from hot-rolled 
sheets into the resin. 

 

 
Fig. 1.  Hot rolling fabrication process 

 
2.2 Characterization 
A microstructure observation was conducted using 
optical microscope (OM) and scanning electron 
microscope (SEM, JSM-5900LV, JEOL, Japan) with 
an acceleration voltage of 15 kV. The composition in 
the samples was identified using the SEM energy-
dispersive X-ray spectroscopy (EDS, JED-2200).  
The measurements of internal friction (Q−1) were 
carried out using a cantilever beam natural frequency 
vibration method (TE2-RT, Nihon Techno-Plus 
Corp.) at room temperature in air. The specimen for 
internal friction measurement has a size of 15mm in 
length, 5mm in width and 1mm in thickness.  

Shear bonding tests were conducted with test sample 
pieces shown in Fig. 2. The test pieces were cut off 
from 3 layered structures with the dimension of 3mm 
× 8mm × 60mm, having two grooves. Instron-type 
tensile testing machine was used for the shear 
bonding tests. A line makers were made on the sides 
of the pieces as shown in Fig. 2. During the shear 
bonding tests, the shear deformation of the interlayers 
between Ti and SUS316 layers were proved with 
increase of gap of the lines marked on Ti and SUS316 
layers. Such shear deformation was recorded by 
Video camera system to analyse the shear 
deformation data quantitatively. Shear deformation 
rate was 0.5mm/min. Shear strength was obtained by 
Instron tensile load divided by the centre bonding 
area of the pieces. Fracture surface analysis was 

conducted with sample pieces after shear bonding 
tests using SEM with EDS. The surfaces of Ti sides 
and SUS316 sides were analysed. 

 
Fig. 2. A piece of samples for shear bonding tests 

 
III. RESULTS AND DISCUSSION 
 
2- and 3-layered Ti/ SUS316 structures were soundly 
fabricated using hot-rolling methods from 900 to 
1050 oC. The SEM images of the 3-layered Ti/ 
SUS316 structures hot rolled at 1050 oC are shown in 
Fig.3. The cross sectional observation was conducted 
in RD directions. It was found that some area of the 
interface shows the relatively smooth interface, while 
some area of the interface shows microstructures 
formed by material plastic flows with oxides rolled 
up.   

Fig. 4 shows the SEM images with EDS data for the 
samples hot rolled from 900oC to 1050 oC. The area 
of the interface with oxides rolled up increases with 
increasing hot rolling temperature. It can be 
considered that the thickness of microstructures 
formed by material plastic flows with oxides rolled 
up affect the bonding strength of the clad structures. 
Interface layers include both oxides of Ti and Fe. It is 
also considered that some Ti/ Fe intermetallics 
formed at the interfaces. 

It is also considered that TiC forms at the interface 
from the viewpoint of intermetallic formation free 
energy.  
Fig. 5 shows shear bonding strength of the samples 
hot-rolled from 925oC to 1050oC. It is seen that the 
samples hot-rolled at 950 oC shows highest shear 
bonding strength. It is also seen that shear bonding 
strength drastically decreases in the samples hot-
rolled at 1025 and 1050 oC.   
Fig. 6 shows images of fracture surfaces of Ti sides 
and SUS316 sides of the samples hot-rolled from 900 
to 1050 oC. The fracture surfaces in the samples hot 
rolled at 925oC shows some brittle fracture. On 
SUS316 sides in the fracture samples hot-rolled at 
900 oC, some Ti exists, while almost no Ti exists in 
the fracture samples hot-rolled at 950 oC. Ti also 
exists on SUS316 surface sides in the fracture 
samples hot-rolled at 1000, 1025 and 1050 oC.  It is 
considered that less Ti on SUS316 sides in the 
fracture samples leads to high bonding strength. 
Consequently, the most suitable hot-rolling 
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temperature for bonding of Ti and SUS316 in the 
current experiment is 950 oC to obtain high bonding 
strength. 

 
Fig. 3.  SEM images of bonding interfaces in 3-layered Ti/ 

SUS316 structures. (a) 1050OC smooth interface, (b) 1050OC 
oxide rolled-up interface structures. 

 

 

 
Fig. 4. SEM-EDS analysis for bonding interfaces with oxides 
rolled-up in 2-layered Ti/ SUS316 structures hot-rolled at (a) 

900, (b) 950, (c) 1000 and (d) 1050 OC 

 
Fig. 5. Shear bonding strength of samples hot-rolled in ranges 

of temperatures from 925 to 1050 oC 

 

 
Fig. 6. Fracture surface analysis of samples hot-rolled in ranges 

of temperatures from 900 to 1050 o C. (a) SUS316 fracture 
surface side, (b) Ti fracture surface side. 

 
Next the internal friction and dynamic elastic 
modulus are examined. Fig. 7 shows the internal 
friction and elastic modulus of Ti/ SUS316 2-layered 
structure samples. It is seen that the sample hot-rolled 
at 925 oC shows the highest value in internal friction, 
meanwhile the samples hot-rolled at higher than 925 
oC decrease with increasing hot-rolling temperatures. 
There is not much deference among all the samples in 
dynamic elastic modulus. It is considered that crystal 
defects such as point defects (vacancies), dislocations 
and cracks at and around the interfaces highly 
influence internal friction and dynamic elastic 
modulus. 
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Fig. 7. Internal friction and elastic modulus of samples hot-

rolled in ranges of temperatures from 900 to 1025 oC. (a) 
Internal friction, (b) elastic modulus 

 
CONCLUSIONS 
 
1. Different microstructures and bonding 
strength are obtained in ranges of hot rolling 
temperatures from 900 to 1050 oC.  
2. At Ti/ SUS316 interfaces, Ti/ Fe 
intermetallics exist with some oxides from the 
electric microscope examinations. The thickness of 
interface layers increases with inctreaing hot rolling 
temperatures. These interface structures highly affect 
the bonding strength.  
3. The maximum bonding strength is obtained 
for the samples hot-rolled at 950 oC.  
4. From fracture surface examinations, some 
brittle fracture occurs at the interface in some 
samples. Some Ti remains on fracture surfaces of 
SUS316 in samples hot-rolled at 1000, 1025 and 
1050 oC. Less Ti remain leads to higher bonding 
strength.  

5. For internal frictions and dynamic elastic 
modulus, the samples hot-rolled at 925oC show the 
highest internal friction and there is not much 
deference among all the samples in dynamic elastic 
modulus. 
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