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Abstract 

 
Hot torsion test was employed to continuously deform an ultra-low carbon Ti-added interstitial 
free (IF) steel within a ferrite single-phase region (< 850�C) at different strain rates. Specimens 
were twisted to high equivalent strains up to 7.2 and immediately water-quenched to prevent post-
deformation recrystallization. Microstructure observations were carried out near the surface of the 
torsion specimens using electron backscattered diffraction (EBSD) measurements. The results 
showed that the initial grains were elongated and subdivided, so that the distance between high 
angle boundaries (HABs) decreased with decreasing the temperature or with increasing the strain 
rate. It was believed that grain subdivision mechanism accompanied with dynamic recovery as 
well as limited boundary migration were responsible to the evolution of the microstructures. 
Furthermore, micro-texture measurements showed a strong development of <111> orientation 
parallel to the shear direction, among which, {112}<111> : {shear plane normal}<shear direction>, 
had a high fraction particularly within the low misorientation regions (LMRs). 
 

Introduction 
 
Metals with high stacking fault energy (SFE) are well-known for their easy-recovery ability in 
high-temperature deformations. As a result, the occurrence of conventional discontinuous dynamic 
recrystallization (dDRX), characterized by the nucleation (formation) of new dislocation-free 
grains and their growth into the deformed matrix, becomes difficult except for the case of high-
purity metals. Ferritic (�-) iron is a typical example of this category in which flow stress in the 
high-temperature deformation shows a plateau with only a slight stress drop after a peak stress [1-
4]. It has been generally accepted that dynamic recovery (DRV) is the main restoration mechanism 
in ferritic iron and steels. However, even in the hot deformation of high-SFE metals, new high 
angle boundaries (HABs) after relatively high strains form. The formation of new grain structures 
cannot be simply explained only by dynamic recovery. The development of HABs during the 
deformation of high-SFE metals has been tried to be explained by continuous dynamic 
recrystallization (cDRX) mechanism [5, 6]; that is the gradual change of subgrains into fine grains 
surrounded by HABs after a sufficient strain. However, many aspects of cDRX are still unclear 
and need to be clarified.  
The aim of this study is to highly deform an ultra-low carbon interstitial free (IF) steel in a ferrite 
single-phase region (< 850 �C) under different deformation conditions for clarifying how the 
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the ODF maps change from a relatively random texture pattern at the strain of 0.3 to a strong 
texture with the maximum intensities of 14.5 and 48.5 at the strains of 1.8 and 7.2, respectively. 
Texture measurements showed that at the medium strain (�=1.8), D orientations; i.e., D1 {  
<111> and D2 {  <111>, gradually became the major texture components.  Other texture 
components having less intensities including E and F orientations also existed at this stage. It 
should be noted that except F, the D and E orientations belong to <111> ǁ � type crystallography. 
With further straining to the high strain of 7.2, the D orientations (D2 in particular) developed to 
a great extent at the expense of other orientation components. The dominating D orientations were 
also found by macro-texture measurements of hot-torsion deformed IF steels [8], which was 
attributed to the formation of low-Taylor factor regions. The D (and E) orientations have the lowest 
Taylor factor among all ideal orientations in torsion. On the other hand, the development of a 
single end orientation (D2) at high strains can limit the grain refining process. In Fig. 4 (e), D2-
oriented regions were highlighted in the microstructure deformed to the strain of 7.2, which was 
the same area previously shown in Fig. 2(d). The highlighted areas having the D2 orientation (with 
the tolerance angle of 15�) occupied approximately 55% (in area fraction) of the matrix and mainly 
formed the large LMRs with few high angle boundaries inside. Based on several observations in 
the present study, the development of the D2 regions seemed to be caused by a coalescence of D2-
oriented clusters. Meanwhile, some high angle boundaries (� ≥ 15�) disappeared with the 
development of the single-end texture resulting in an apparent structural coarsening as previously 
observed in Fig. 2(d), leading to the limitation on the grain refinement. 
 
Effect of deformation temperature and strain rate  
 
To study the effect of deformation conditions, the torsion specimens were deformed to a certain 
strain at different temperatures and strain rates; i.e., under different Zener-Hollomon parameter (Z 
= ��exp(Q/RT)) conditions. Figure 5(a)-(c) show the effect of increasing Z parameter on the 
microstructural evolution. The amount of strain (� =7.2) is the same in all cases. It can be clearly 
seen that the grain refinement was enhanced by increasing the strain rate from 0.01s-1 (Fig. 5(a)) 
to 1.0 s-1 (Fig. 5(b)) at 750�C, or decreasing the deformation temperature from 750�C (Fig. 5(b)) 
to 650�C (Fig. 5(c)) at a constant strain rate of 1.0 s-1. In other words, with increasing the Z, the 
microstructural refining due to the grain subdivision occurred in a way that the mean distance of 
HABs decreased from 25 �m to 8 �m and 1.7 �m, respectively. Another consequence resulted 
from increasing Z is that HABs are apparently more elongated (e.g., Fig. 5(c)) toward the shear 
direction (�). However, HABs seem more serrated but less inclined under the lower Z condition 
(e.g., Fig. 5(a)). One possible reason for this might be an enhanced mobility of HABs under the 
lower Z conditions since the boundary migration can counteract the elongation effect. 
Figure 5(d)-(f) represent ODF maps of the corresponding microstructures shown in Fig. 5(a)-(c). 
As previously discussed, a high intensity of D2 orientation was observed under the 750�C/0.01s-1 
condition in Fig. 5(d). Similarly, the existence of D2 orientation was found in the other highly 
deformed specimens in Fig. 5(e) and 5(f). However, with increasing the Z parameter, the maximum 
intensities in the ODF plots decreased from 48.5 to 35 and 16, respectively. Regarding the fact that 
the amount of strain was the same in all cases, it could be concluded that the development of the 
D2 texture was retarded under the higher Z conditions.  
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