












potential warping distortion is generated during inten-
sive quenching. CFD analysis shows that the top and
bottom surfaces of the gear hub cool differently during
quenching. In Figure 14(a) and (b), the x-axis matches the
nodal positions of line CD in Fig. 12 with point C locating
on the left side of the x-axis and D to the right. Point X = 0
is located at the midpoint of the line CD. In Table 1, ∆T is
the temperature difference between point C and point D at
different quenching times. Warping distortion of the gear
is defined as the difference of axial displacements at point
A and point B at difference quenching times.

There is no phase transformation occurring along line
CD before 0.036 s of intensive quenching, so the thermal
gradient is the only cause of warping at this stage. At 0.036
s of quenching, the temperature at point C is about 425ºC,
and the temperature at point D is about 535ºC. Greater
thermal contraction at point C leads to 0.032 mm down-
ward warping. At 0.08 s, the temperature difference 
between points C and D increases, and only a small
amount of phase transformation occurs on the bottom 
hub surface. As a result, the warping distortion increases
to 0.051 mm downward. At 0.12 s, the temperature 
difference between points C and D has increased to 147ºC.
The increased temperature difference increases the

warping distortion in the downward direction. However,
the temperature on the bottom of the hub (point C) is 
well below the martensitic transformation starting 
temperature. 

Martensitic phase transformation in the bottom surface
causes material volume expansion, which compensates
the downward warping due to temperature difference
alone. As shown by the 0.12 s line in Fig. 14(c), the direction
of warping starts to reverse. With longer time in
quenching, the temperature difference between top 
surface and bottom surface decreases, and both top 
and bottom surfaces transform to martensite. The 
final warping distortion is about 0.24 mm in an upward
direction.

Conclusion
The results presented in this paper show that the 

quenchant flow field can have a significant effect 
on austenite decomposition, internal stress state, and 
distortion of the finished part. The combination of
FLUENT CFD and DANTE heat treatment models can be
effectively used in future studies to develop quench 
fixtures and processes that have improved uniformity 
of heat transfer, more desirable residual stress levels, and
reduced distortion.                                                                HTP
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Table 1 — Relationship of temperature difference and bow distortion
Quenching  time, s 0.036 0.08 0.12 0.2 0.3 0.5 2.0 Final

∆T, °C 110 121 147 109 108 97 39 0.0

Bowing, mm -0.032 -0.051 -0.027 0.007 0.041 0.105 0.203 0.24
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