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30 minutes. After isothermal holding, the specimens were directly water quenched to room 

temperature. The optical metallography specimens were cut from the center of the isothermally 

treated specimens. The hardness of selected microstructures was measured. The hardness was 

measured only on the ferrite grains, when the proeutectoid ferrite was formed at higher 

temperature. The hardness of bainite or massive ferrite was measured under the condition that 

there was no ferrite formed at lower temperature. The hardness load used was 100 g and the 

loading time was 10 seconds. Five measurements were carried out. The precipitates were 

analyzed using H-800 TEM analytical and high-resolution transmission electron microscopy. 

EDS analysis and quantitative electron diffraction were also carried out. 

 

Table I. Chemical Composition of Tested Steels (wt.%) 

Steel C  Mn  Si  Ti  S  P  N Mo 

Ti 0.046  1.47  0.12  0.097  0.0060 0.0073  0.0024 —  

Ti-Mo 0.042 1.51 0.20 0.100 0.0028 0.0052 0.0018 0.21 

 

 

 

Figure 1. Illustration of isothermal treatment process. 
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Results and Discussion 

 

Microstructure 

 

Figures 2 and 3 show the isothermally transformed microstructures of the Ti and Ti-Mo steels 

respectively. It can be seen that the addition of Mo has a significant effect on the isothermal 

phase transformation of the Ti-containing steel. In the case of the Ti only steel, the transformed 

microstructure from 750 °C to 550 °C was: F+M(untransformed austenite) →F→M→B. In the 

case of Ti-Mo steel, a fully ferrite microstructure was obtained at temperatures above 725 °C. 

When the temperature was decreased to 700 °C, the fraction of ferrite decreased significantly. 

This result was opposite to that in the Ti steel. Firstly, adding Mo to the Ti steel increased the 

possibility of obtaining a fully ferritic microstructure. The ferrite+MC phase field was enlarged 

by the addition of Mo to the Ti steel, as shown in Figure 4. On the other hand, adding Mo to the 

Ti steel accelerates the MC precipitation during phase transformation. According to previous 

researchers, the addition of Mo can decrease the interfacial energy between MC and the ferrite 

matrix, and thus favor the nucleation and growth of precipitates during initial stages of 

precipitation. At higher temperatures, Mo accelerates the MC precipitation during phase 

transformation, thus decreasing the C content in the austenite near the γ/α interface. The decrease 

of C content results in the acceleration of the γ→α transformation. When the temperature was 

decreased to 650-675 °C, only a little ferrite was formed. This is because the diffusivity of 

elements at lower temperatures is very slow, resulting in the decrease of the MC precipitation 

rate. Under this condition, the role of Mo in delaying ferrite transformation becomes more 

significant. When the temperature was decreased to 625 °C or below, bainite and massive ferrite 

were formed. 

 

Figure 2. Transformed microstructure of Ti steel after isothermal treatment. 
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Figure 3. Transformed microstructure of Ti-Mo steel after isothermal treatment. 
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Figure 4. Phase diagram calculated using Thermo-calc (TCFE6 database); 

(a) Ti steel (b) Ti-Mo steel. 
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Effect of Mo on the Hardness of Selected Microstructures 

 

Figure 5 shows the hardness variation of selected microstructures of the Ti and Ti-Mo steels with 

isothermal temperature. It can be seen that the hardness of the Ti-Mo steel was higher than that 

of the Ti steel within the studied temperature range, which is evidence of increased precipitation 

hardening in the Ti-Mo steel. 

 

 

Figure 5. Effect of Mo on the microhardness of selected microstructures produced at different 

isothermal treatment temperatures. 
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Figure 8. The effect of Mo on the precipitate size of MC carbide with variation in isothermal 

treatment temperature. 

 

The selected area diffraction pattern in Figure 9(a) has been analyzed. The result indicates that 

(Ti,Mo) carbides forming during the isothermal transformation adopt the Baker–Nutting (B–
N) orientation relationship with respect to the ferrite matrix, ie. {001}carbide//{001}ferrite and 

<110>carbide//<010>ferrite. The EDX spectrum shown in Figure 9(d) indicates that the content 

of Ti and Mo in (Ti,Mo)C was almost the same. 
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Figure 10. The relationship between the increase in yield strength and precipitate size. 

 

Conclusions 

 

The effects of Mo on the isothermal phase transformation and precipitation behavior in a Ti 

bearing steel were investigated. Addition of 0.2 wt.%Mo to a Ti microalloyed steel results in a 

fully ferrite microstructure at higher isothermal transformation temperatures. The microhardness 

of the microstructure isothermally transformed at all temperatures in the Ti-Mo steel was higher 

than that in the Ti steel. This is attributed to the superior coarsening resistance of MC type 

carbides in the Ti-Mo steel as compared with that in the Ti steel. The Ti-Mo steel exhibited an 

increased precipitation hardening contribution to the overall strength of the steel compared to the 

Ti only steel. 
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