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Abstract 
Gleeble compression tests were carried out on a 0.06%C-0.3%Mn-0.01%Si steel over the 
temperature range 1000°C to 1350°C. Strains of 0.7 were applied at a strain rate of 1s-1. The 
double differentiation method was employed to determine the critical strains for the initiation of 
dynamic transformation (0.05 - 0.12) and dynamic recrystallization (0.10 - 0.18). The occurrence 
of dynamic transformation was detected at temperatures up to 1350°C. Optical and electron 
microscopy images indicated that Widmanstätten ferrite plates were being formed in the 
austenite phase field and that the plates coalesced into polygonal grains during straining. These 
results are interpreted in terms of the flow softening model of dynamic transformation.   

Introduction 
In the late 1980’s, Yada and co-workers [1,2] showed that austenite can be transformed into 
ferrite by deformation. They were able to show that dynamic transformation (DT) can be 
initiated up to 166°C above the Ae3 temperature. This was followed by in-situ X-ray diffraction 
studies [3] and dilatometric measurements [4] to provide real time evidence for the occurrence of 
this unusual phenomenon. Later experiments [5,6] using optical and EBSD microscopy 
confirmed that the ferrite was being formed displacively and dynamically.  

Dynamic transformation was initially attributed to the stored energy of the dislocations 
introduced by the deformation. In this way, Sun et al. [7] calculated free energy increases of 
about 22.3 J/mol and Hanlon et al. [8] converted this energy into an Ae3 temperature increase of 
10°C. These values are too low given the observations of Yada and co-workers of transformation 
temperatures well above the Ae3 [1,2]. Ghosh et al. resolved this limitation by allowing for the 
inhomogeneous distribution of the dislocations, leading to driving forces as high as 197 J/mol 
[9]. However, this approach is based on the application of very large strains, higher than the 
measured critical strains of about 0.10 associated with the initiation of DT [10,11]. More 
recently, the present authors have proposed that the driving force promoting the transformation is 
the softening brought about by the transformation [12,13]. This method can readily justify the 
occurrence of DT as much as 150-200 °C above the Ae3 reported in the literature.   

In the present study, compression tests were carried out on a Gleeble machine on a 0.06%C-
0.30%Mn-0.01%Si steel. The aim was to determine the maximum temperature above the Ae3 at 
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which DT could take place readily. In this way, the softening-based transformation model could 
be tested using the experimental results described in more detail below.  
 

Experimental Procedure 
A low carbon C-Mn steel was investigated in the current study. This was received in the form of 
a hot rolled plate with a thickness of 12.5 mm. The steel plate was machined into cylindrical 
specimens, 10mm in diameter and 15mm long, with their axes parallel to the rolling direction. 
The complete chemical composition is listed in Table 1 together with its corresponding 
paraequilibrium and orthoequilibrium Ae3 temperatures. These transformation temperatures were 
calculated using the FSstel database of the FactSage thermodynamic software [14]. The results 
and discussions in the next sections are based on the paraequilibrium temperature, as only the 
interstitial atoms are able to partition between the product and parent phases under displacive 
transformation conditions [9].       
 

Table 1. Chemical composition (mass%) and equilibrium transformation temperatures (°C) 
C Mn Si Orthoequilibrium Ae3 Paraequilibrium Ae3  

0.06 0.30 0.01 877 °C 870 °C 
 
The hot compression tests were conducted using a Gleeble 3800 at temperatures high in the 
austenite phase field. The samples were heated to test temperatures in the range 1000°C to 
1350°C at the rate of 4°C/s. They were then held for 3 minutes, after which a strain of 0.7 was 
applied at a strain rate of 1s-1. The thermomechanical schedule followed in the compression tests 
is illustrated in Figure 1.        
 

 
Figure 1. Thermomechanical schedule of the compression tests 

 
Results 

Some of the stress-strain curves determined in this way are presented in Figure 2. Here the 
samples were deformed in the range 1000 °C to 1350 °C, high in the austenite phase field. The 
flow stress levels decrease with increasing temperature and softening takes place after the peak 
stress. This led to stress drops of as much as 10% after the maximum stress was attained. Such 
softening involves both dynamic transformation and dynamic recrystallization, as shown 
elsewhere [10,15].   
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Figure 2. Stress-strain curves of the C-Mn steel compressed to a strain of 0.7 at 1 s-1. The 
tests were carried out at temperatures in the range from 1000 °C to 1350 °C.   

 
 

 
Figure 3. Optical micrographs of the 0.06C-0.3Mn-0.01Si steel deformed to a strain of 
0.7 applied at a strain rate of 1s-1. The samples were quenched immediately after straining 
at (a) 1050 °C, (b) 1150 °C and (c/d) 1200 °C.     

 
Optical micrographs of samples quenched right after deformation display significant volume 
fractions of ferrite, as illustrated in Figure 3. There was insufficient time during cooling for the 
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ferrite to have formed by a diffusional process (which requires substitutional diffusion), 
confirming that it was nucleated displacively [16]. The martensite (prior austenite) appears dark 
while the ferrite is light. As shown in an earlier study [13], the volume fraction of DT ferrite 
decreased as the temperature was increased over the temperature range from 920 °C to 980 °C 
(up to about 110 °C above the Ae3). Here, at 1050 °C (i.e. 180 °C above the Ae3), the volume 
fraction of ferrite was only about 5-10% and most of the structure was martensitic, as illustrated 
in Figure 3a. However, it can be clearly observed that at the higher temperatures of 1150 °C and 
1200 °C (Figures 3b, 3c and 3d), the volume fraction of ferrite increases to about 15% and 30%, 
respectively. This interesting behavior will be analyzed in more detail in the next section.    
 

Discussion 
Critical Strains 
The optical microstructures of Figure 3 indicate that significant volume fractions of ferrite were 
formed during deformation. Support for this interpretation was gained from the shapes of the 
stress-strain curves presented in Figure 2. This was accomplished by carrying out double 
differentiations [17] on the curves. For this purpose, the flow curves were fitted with 9th order 
polynomials (higher orders in some cases) using the MatLab software. Plots of θ versus σ were 
then prepared, as shown in Figure 4a, where θ is the strain hardening rate (δσ/δε)ε̇. The point of 
initiation of each softening mechanism is then identified by an inflection point in the θ-σ plot 
using the condition δ/δσ(δσ/δε) = 0. The two minima in the –δθ/δσ versus σ curve of Figure 4b 
identify the strains more precisely at which first DT and then DRX are initiated. Several previous 
studies [10,15] have shown that the critical strain for DT is less than that for DRX. 
 
 

 
 

Figure 4. (a) Plot of strain hardening rate (θ) versus σ derived from the flow curve of the 
compression test carried out at 1100 °C and 1s-1. The first and third inflection points in 
(a) are identified more clearly in (b) by the minima in the –(dθ/dσ) versus σ curve.  

 
 
The dependences on temperature of the critical strains and stresses are illustrated in Figure 5. In 
Figure 5a, the critical strain for DRX decreases with increasing temperature in the normal way 
since recrystallization occurs more easily at elevated temperatures. The DT critical strain 
normally increases with temperature, as denoted by the shape of the energy barrier [13] opposing 
the transformation (see below). However, the present results indicate that the DT critical strain 
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actually decreases with temperature beyond 1080 °C. This is a trend that is discussed in greater 
detail below.  
 
The free energy obstacle opposing dynamic transformation in the present material is illustrated in 
Figure 6. This was calculated using the FSstel database of the FactSage thermodynamic software 
[14]. It can be seen that the obstacle is highest at around 1080 °C and then the barrier decreases 
in height as the temperature for transformation into delta ferrite is approached. The increasing 
fractions of ferrite formed at temperatures above 1080 °C can thus be understood in terms of the 
shape of the energy barrier.  
 
           

 

 
Figure 5. (a) Critical strains for dynamic transformation (DT) and dynamic 
recrystallization (DRX) calculated by means of the double differentiation method. (b) 
The critical stresses associated with the critical strains of Fig. 5a.  
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Figure 6. Chemical free energy difference between austenite and ferrite (ΔGγ-α) as a 
function of ΔT (experimental temperature – paraequilibrium Ae3)  

Formation of Widmanstätten Ferrite 
It was shown in an earlier study [13] that the volume fraction of ferrite decreases with increasing 
temperature just above the Ae3. However, the present investigation has revealed that this trend 
does not apply to temperatures high in the austenite phase field. More DT ferrite was observed to 
form as the temperature was progressively increased beyond the peak of the free energy obstacle. 
The nucleation and growth of DT ferrite leads to the formation of Widmanstätten ferrite plates 
approximately 200nm in width [5]. The displacive ferrite then gradually coalesces into polygonal 
grains during continued straining. As this process begins displacively, it differs from the 
conventional diffusional manner of forming polygonal ferrite that is observed below the Ae3 
temperature. The plates produced by deformation form in self-accommodating pairs of near-
identical orientation [18]. Examples of such Widmanstätten colonies are illustrated in Figure 7.          

Figure 7. Widmanstätten microstructures formed in a 0.06 wt%C steel strained to ε = 0.7 
at a) 1350 °C (Ae3(p) + 480 °C) and (b) 1200 °C (Ae3(p) + 330 °C)  
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Conclusions 
1. Both dynamic transformation and dynamic recrystallization can be seen to operate in the 

temperature range 1000 °C to 1350 °C. By employing the double differentiation method, 
these are seen to be initiated at average critical strains of about 0.10 and 0.15, 
respectively. The critical strain for DRX decreases monotonically with increasing 
temperature. By contrast, the critical strain for DT first increases with temperature up to 
about 1080 °C and then decreases as the delta ferrite formation temperature is 
approached.   

2. These observations are consistent with the shape of the free energy barrier opposing the 
transformation, which rises to a maximum at 1080 °C. The shape of the barrier also 
explains why less ferrite is formed at temperatures in the vicinity of the peak than at 
higher or lower temperatures.  

3. The present results indicate that Widmanstätten ferrite forms at temperatures as high as 
1350 °C, i.e. 480 °C above the Ae3 temperature. Thus it appears that DT ferrite can be 
formed at any temperature within the austenite phase field.  
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