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Table 1  Chemical composition of the base and cladding metals (ω/%) 

Material C N H O Mn Si Ni Cr Nb Cu Fe Ti 

Q390 0.10 0.003 - 0.002 0.91 0.46 0.76 0.66 0.02 0.49 Bal. 0.012 

TA2 0.01 0.0071 0.00135 0.11 - - - - - - 0.034 Bal. 

 

 

 

 

 

 

 

 

 

 

� 1 6�ABW�U��� 

Fig.1  Schematic diagram of the cross-section of assembled slab 
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Fig.2  Schematic diagram of main assembling procedure 
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Table 2  Results of rolling temperature measurement 

for slabs (�

��

�) 

Heating temperature 850 875 900 925 950 1000 

Initial rolling temperature 843 866 886 920 939 987 

Finish rolling temperature 804 821 842 875 896 932 
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� 3  ��DEFGnoe%�WJK6L 

Fig.3  Microstructures of steel at different heating temperatures of roll bonding: (a) 850 �, (b) 875 �, (c) 900 �, 

(d) 925 �, (e) 950 �, and (f) 1000 � 
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Fig.4  Microstructures of titanium cladding at different heating temperatures of roll bonding: (a) 850 �, (b) 875 �, 

(c) 900 �, (d) 925 �, (e) 950 �, and (f) 1000 � 
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Fig.5  Effect of heating temperature on the tensile properties of 

base metal steel 
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Fig.6  Effect of heating temperature on the Charpy V-notch 

impact toughness of base metal Q390 steel 

 

������������	
����
�

2.2.1  SEM-BSE 

ó( JEOL JSM-7800F ���a^_�[�`û

aÏb�\]�����V 850�875= 900 ����

tu
­\¯õ�7Á3
 7��)÷
]i�j��

tu�× 2:�®��Ã¬
e")\]�* α-Tie

"��nsV β-Ti�RS�>4�]
 Fe0û��L�

Fe îV����ád β-Ti x½ùú��pU# β-Ti

+��J�)��* β-Tins
 1�2�3�"Oô&

1\]�i�j�b��"V��>�n�Æ~�ï 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 7  DEFG£ 850~900 �noe8/%>�TU¤t¥{¦ 

Fig.7  Back-scattered electron micrographs of Ti/steel bonding interface at heating temperatures of 850 � (a), 875 � (b) and 900 � (c); 

(d~f) are the high magnification of corresponding position 1~3 
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Fig.8  Back-scattered electron micrographs of Ti/steel bonding interface at heating temperatures of 925 � (a), 950 � (b) and 1000 � (c); 

(d~f) are the high magnification of corresponding position 4~6 
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Fig.9  HADDF (a) and bright field (b) images, EDS spectra (c~f) and SAED patterns (g~i) of area A~D in HADDF and bright field 

images for Ti/steel bonding interface at heating temperature of 1000 �: (c, g) area A, (d, h) area B, (e, i) area C, and (f, j) area D 
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Fig.10  Variation of shear strength of titanium clad steel with 

heating temperature of roll bonding 
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Fig.11  Macrographs of the specimens at heating temperature of 1000 � after bending test: 

(a) internal bend, (b) external bend, and (c) side bend 
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Fig.12  Standard free Gibbs energy change ∆G

θ

 of TiC, Fe

2

Ti and 

FeTi as a function of temperature 
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Table 3  Diffusion coefficient of C, Ti and Fe in steel and titanium 

System 

Diffusion coefficient 

(900 �)/m

2

·s

-1

 

Diffusion coefficient 

(850 �)/m

2

·s

-1

 

Diffusion coefficient 

(800 �)/m

2

·s

-1

 

Expression 

Temperature 

range/K 

Reference 

C/α-Fe - - 7.8×10

-11

 8.1×10

-7

exp(82500/RT) 623~1123 [13] 

C/γ-Fe 6.1×10

-12

 3.0×10

-12

 - 7.38×10

-5

exp(158980/RT) 1173~1333 [13] 

C/β-Ti 9.6×10

-11

 - - 3.2×10

-7

exp(79100/RT) 1223~1923 [14] 

C/α-Ti - 9.1×10

-14

 4.8×10

-14

 7.9×10

-8

exp(127700/RT) 873~1073 [14] 

Fe/β-Ti 1.0×10

-12

 - - 7.8×10

-7

exp(132300/RT) 1193~1923 [15] 
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Fig.13  Variation of diffusion coefficient with temperature at three different systems: (a) β-Ti/γ-Fe, (b) α-Ti/γ-Fe, and (c) α-Ti/α-Fe 
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Fig.14  Variation of layer thickness of α-β Ti, β-Ti and total 

phase (a) and brittle phase (b) with heating temperature 
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Effect of Heating Temperature on Microstructure and Mechanical Properties 

of Titanium Clad Steel by Hot Roll Bonding 
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Abstract: A symmetry slab of steel/titanium/separating agent/titanium/steel was assembled for fabricating titanium clad steel by hot roll 

bonding. The effect of heating temperature on microstructure, strength-toughness and bonding properties of clad steel plates were 

investigated at condition of 850~1000 . The results show that � with the increase of temperature, the shear strength decreases obviously. 

The heating temperature has an important effect on the variety and thickness of interfacial phase. At temperatures of 850, 875 and 900 , �

carbon can easily enrich at the bonding interface and the reaction diffusion of Fe in titanium is weak. Consequently, TiC and β-Ti form at 

the Ti/steel interface. While at temperatures of 925 and 950 �, carbon enrichment at bonding interface stays at low degree and the 

diffusion reaction of Fe in titanium is strong. As a result, α-β Ti, β-Ti, TiC and Fe

2

Ti are generated at bonding interface. At temperature of 

1000 �, the diffusion reaction of Fe in titanium gets stronger. Therefore, the interface products consisted of α-β Ti, β-Ti, TiC, FeTi and 

Fe

2

Ti form. In addition, the increase of heating temperature promotes the rise of brittle phase layer thickness. The reduction of shear 

strength is attributed to the increase of variety and thickness of brittle phase.  

Key words: heating temperature; roll bonding; titanium clad steel; reaction phase 
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