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Table 1  Chemical composition of the tested steels (ω/%) 

Sample  C B Ti Cr Mn Ni Si Cu P S 

C3B4 0.30 0.34 - 9.36 6.67 5.28 0.98 0.49 0.010 0.012 

C3B6 0.29 0.56 - 8.86 6.71 6.06 1.17 0.49 0.012 0.010 

C3B2Ti 0.29 0.14 0.34 9.58 6.78 5.27 0.92 0.50 0.009 0.013 

C3B4Ti 0.28 0.33 0.70 9.26 6.91 5.16 0.95 0.49 0.009 0.014 

C3B6Ti 0.28 0.54 1.13 9.55 6.81 5.09 0.91 0.48 0.009 0.012 
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« 1  9:;<=>? SEM¬­T XRD«® 

Fig.1  SEM images (a~d) and XRD pattern (e) of tested steels: (a) annealed microstructure of C3B4, (b) forged microstructure of 

C3B4, (c) annealed microstructure of C3B6, (d) forged microstructure of C3B6, and (e) XRD pattern of forging C3B4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« 2  C3B2Ti;<=>? SEM¬­T EDSX®  

Fig.2  SEM images (a, b) and EDS spectra (c, d) of tested steel C3B2Ti: (c) EDS spectrum of point 1 in Fig.2b and (d) EDS spectrum 

of point 2 in Fig.2b 

20 30 40 50 60 70 80

 

 

�

�

�

�

I
n
t
e
n
s
i
t
y
/
a
.
u
.

2θ /(

o

)

Austenite

M

2

B Boride

e

a 

b 

c 

d 

1 2 3 4 5 6 7 8 9 10

 

I
n
t
e
n
s
i
t
y
/
a
.
u
.

Energy/keV

B

C

Cr

Fe

Cr

Mn

Fe

Fe

c

1 2 3 4 5 6 7 8 9 10

Ti

Ti

 

Energy/keV

Ti

C

d

a 

b 



¥806¥                                         ¦¢
§��¨©ª                                             � 47� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« 3  C3B4Ti;<=>? SEM¬­ 

Fig.3  SEM images of tested steel C3B4Ti: (a) low magnification  

and (b) high magnification 
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« 4  C3B6Ti;<=>? SEM¬­T EDSX® 

Fig.4  SEM images (a, b) and EDS (c, d) spectra of tested steel C3B6Ti: (c) EDS spectrum of point 1 in Fig.4b 

and (d) EDS spectrum of point 2 in Fig.4b 
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« 5  ]^¯@9:~�`°I; XRD«® 

Fig.5  XRD patterns of tested steels after adding Ti 
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Table 2  Impact toughness of tested steels at room  

temperature 

Sample C3B2Ti C3B4 C3B4Ti C3B6 C3B6Ti 

Impact 

toughness/J 

48.5 19.4 26.0 10.1 16.1 
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Table 3  Mechanical properties of tested steels at high  

temperature of 850 �
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R
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C3B2Ti 193.9 176.6 0.91 275.0 169.2 0.62 

C3B4 211.1 201.8 0.96 283.7 206.1 0.73 

C3B4Ti 223.8 209.3 0.94 303.8 195.5 0.64 

C3B6 225.6 214.2 0.95 296.3 214.5 0.72 

C3B6Ti 225.5 206.3 0.91 303.4 193.5 0.64 

Note$R

m

—tensile strength�R
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—tensile yield strength, 

R
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—compressive strength�R

pc0.2

—compressive yield strength 
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« 6  /0; 850 U±S 20 hMN�FYZ 

Fig.6  Oxidation rate of tested steels after holding at 850 U²for  

20 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« 7  9:;v 850 U±S 20 h_F³[´@ SEM¬­ 

Fig.7  SEM images of oxide film of tested steels after holding at 

850 °C for 20 h: (a) C3B4 and (b) C3B4Ti 
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« 8  /0; C3B4¨ C3B4Tiv 850 UMN 20 h_@ XRD 
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Fig.8  XRD patterns of tested steels after oxidation at 850 U  

for 2 h  
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Effects of Ti on Microstructure and High Temperature Mechanical Properties of 

High-boron Steel 

 

Chen Xiang, Li Yanxiang, Wang Zhisheng, Zhang Huawei, Liu Yuan  

(Key Laboratory for Advanced Materials Processing Technology, Ministry of Education of China, Tsinghua University, Beijing 100084, 

China) 

 

Abstract: The effects of Ti content on the microstructure of high-boron steel were investigated by SEM and XRD. The influences of Ti on 

impact property at room temperature, high-temperature mechanical properties and oxidation resistance at 850 °C of the steel were 

analyzed by impact tester, dynamic thermal-mechanical simulation testing machine and oxidation weight increase method. The results 

show that the boride granules which distribute in a discrete manner within the matrix exhibit a round and smooth morphology and the 

boride size is reduced greatly after adding Ti. The optimization of boride morphology and distribution can increase the room temperature 

impact toughness of the steel. TiC particles precipitate and the dual-phase with austenite and ferrite formed after adding Ti. At a low level 

of boron content, the high temperature mechanical properties improve with increasing of born content, while at a higher level of boron 

content, they change slightly. Optimum high temperature mechanical properties are obtained when boron content is 0.33 wt%. The results 

of the oxidation at 850 °C of the steels before and after adding Ti are all in accordance with the level 2 “oxidation resistance standard” 

according to Chinese standard GB/T 13303-1991. The addition of Ti is conducive to the improvement of the high temperature oxidation 

resistance properties of high-boron steel. 

Key words: Ti; boride; high-boron steel; high temperature mechanical property; oxidation resistance property 
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