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INTRODUCTION 

Transformation induced plasticity (TRIP) aided steel 1, 2 is one of the advanced high strengthened steels with preferable ductility.
The TRIP aided steel includes retained austenite (γ) with bainitic ferrite or partially evolved martensite. At the retained 
austenite, the deformation-induced martensitic transformation in which austenite transforms to hard martensite by deformation 
as schematically shown in Fig.1(a), occurs and supports large work hardening rate which is preferable to prevent the plastic 
instability. There are many reports about the TRIP aided steels with various carbon contents. The published data about the 
tensile strength of the steels with different carbon content are summarized in Fig.1(b) 3-19. This figure indicates rough tendency 
that the TRIP aided steel with higher carbon content is useful to obtain the higher tensile strength. Thus, the high-carbon TRIP 
aided steel is one of the popular topics in the structural materials science. 

For the optimization of mechanical properties, the effect of deformation mode, such as tension or compression, on the 
deformation-induced martensitic transformation should be studied adequately, because it is usual that the mixture of both 

Figure 1. (a) Schematic illustration of stress - strain curve and microstructural change of TRIP aided steels and (b) the 
tensile strength of low alloyed TRIP aided steels with various carbon contents found in the previous papers. 
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tension and compression appears during the forming process of the sheet steel, for example, at bending. The recent studies 3,20  
clarified that the deformation-induced martensitic transformation has a strong dependence on the crystallographic orientation 
parallel to the loading axis . Although this finding seems to give new direction for the texture design of the high-carbon TRIP 
aided steel, the stress condition in each austenite grains of the TRIP aided steel polycrystals has not been clarified adequately. 
Figure 2 shows the previously published data of the volume fraction of austenite in the various steels 7,10,15,16,21-26. These data 
were plotted as a function of strain applied at room temperature. Most of the data were examined by tensile deformation, while 
available data for the compression test are limited, except for the paper by Kawata et al.26 Consequently, the aim of this paper 
is to clarify the kinetics of the deformation-induced martensitic transformation in the high carbon TRIP aided steel both at 
tension and at compression.  

EXPERIMENTAL PROCEDURES 

A carbon steel (0.62%C-2.02%Si-0.23%Mn-1.01%Cr-Fe) whose chemical composition was designed based on a spring steel 
with the additional bearing of Si to prevent from the carbide precipitation was examined. The Time-Temperature-
Transformation (TTT) diagram of this steel has been reported in the previous paper 7. Based on the TTT diagram, the 
austempering condition was determined as a bainitic transformation temperature of 400 °C. The samples with a dimension of 
14 mm x 14 mm x 150 mm were austenitized at 850 °C for 600 sec, and then soaked in a salt bath at 400 °C for 1800 sec to 
obtain fully bainitic structure with retained austenite. The heat-treated samples were cut to the tensile test pieces. The 
conventional tensile test was conducted with a test piece having a gage length of 42 mm and a diameter of 6 mm, and tested at 
room temperature at a constant cross head speed of 0.85 mm/min (an initial strain rate of 0.33 x 10-4/sec).  The compression 
test with a cylindrical sample with a height of 12 mm and a diameter of 8 mm was conducted at room temperature at a constant 
strain rate of 10-4/s. 

One tensile test and one compressive test at room temperature were conducted with a high resolution and high intensity time-
of-fright (TOF) neutron diffractometer (TAKUMI) at the Beam Line No.19 in Japan Proton Accelerator Research Complex (J-
PARC) center. At TAKUMI, a sample at tensile or compressive deformation is able to be examined as the diffraction vector is 
parallel to the loading axis as shown in Fig.3. The tensile test piece has a dimension with a gage length of 40 mm and a diameter 
of 6 mm and the compressive test piece with a height of 12 mm and a diameter of 5.5 mm was examined. These test pieces 
were deformed at a quasi-static strain rate, and the diffraction patterns were repeatedly measured at the initial and the loaded 
states. Data analyses were performed with using a Rietveld software called Z-Rietveld 27. Due to the arrangement of diffraction 

 

 

Figure 2.  Fraction of austenite at the deformation of various austenitic stainless steels and low-alloyed TRIP aided 
steels. 
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measurement system, the spacing of the {hkl} plane of the grains in which <hkl> direction was parallel to the loading axis, was 
evaluated with the hkl diffraction peak. Thus, lattice strain, 𝜀𝜀ℎ𝑘𝑘𝑘𝑘was evaluated with the following equation (1): 

𝜀𝜀ℎ𝑘𝑘𝑘𝑘  = ( 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 −  𝑑𝑑ℎ𝑘𝑘𝑘𝑘0  )/ 𝑑𝑑ℎ𝑘𝑘𝑘𝑘0    

(1) 

where  𝑑𝑑ℎ𝑘𝑘𝑘𝑘 is {hkl} plane spacing obtained from the diffraction patterns during deformation and 𝑑𝑑ℎ𝑘𝑘𝑘𝑘0  is the reference spacing 
of the as-heat treated sample without any loading 28. 

Microstructures were examined by an optical microscope and a scanning electron microscope (SEM) with an electron back 
scattering diffraction (EBSD) measurement system. The optical microscopy was conducted with an 3 % nital etching. The 
observation surface for SEM was prepared by mechanical gliding and electro-chemical polishing with a solution of 10 vol% 
perchloric acid + 90 vol% acetic acid at an applied voltage of about 30 V for a polishing time of 1 min at room temperature. 
SEM (JEOL 7000F) observation was conducted at an accelerated voltage of 15 kV and EBSD measurements (TSL OIM Data 
Collection) were done at a scanning pitch of 0.2 μm. BCC and FCC phases were set as the possible phases. 

RESULTS AND DISCUSSION 

Microstructure and stress - strain curves of the 0.6%C bainitic steel 
Figure 4 shows the microstructure of the as-heat treated sample of the 0.6%C bainitic steel. Optical microstructure (a) reveals 
typical morphology of bainite without any large proeutectoid ferrite or pearlite. The crystallographic orientations obtained by 
the EBSD measurement were illustrated by gray-scale map indicating the orientation perpendicular to the scanned plane with 
the gray-scale code in the standard triangle at the top-right of this figure. Although the martensite has BCT structure precisely, 
it is difficult for the conventional EBSD measurement to distinguish the c-axis due to small c/a ratio. Thus, the diffraction data 
were analyzed with the assumption that all phases can be indexed as BCC or FCC. The orientations of the FCC (b) and BCC 
(c) at the same measured area were displayed separately. The dotted line of the orientation maps shows the prior austenite grain 
boundary (PAGB). The area fraction of retained austenite was 35 %. The FCC map shows the area at which the orientations of 
the retained austenite particles are almost the same. This indicated that the prior austenite grain size, 𝑑𝑑𝛾𝛾, was 16 μm. The BCC 
map (c) shows the elongated bainitic ferrite. This morphology was the same as that reported by the authors previously 3,7.  
According to these previous works, the carbon content of the retained austenite was ranging from 1.0 wt% to 1.4 wt%. This 
content was similar to that in the low caron TRIP aided steels as reported by Sugimoto et al.29 

Figure 5 shows the true stress - true strain curves at the tension or compression of the 0.6%C bainitic steel. The tensile test 
showed very little local elongation (necking) even after the fracture. At the compression test, no significant bulging was 
detected even at the sample deformed to a reduction in height of 20%, probably due to preferable lubrication. The true stress 
and the true strain were evaluated with the assumption that the deformation occurs uniformly and the volume of the deformation 
part of the specimen keeps constant. The true stress - strain curves show high yield strength (~900MPa) with large uniform 
strain without any stress dropping. This result indicates that the high carbon TRIP aided steel has preferable mechanical 
properties as mentioned at the introduction with Fig.1. Although the yield stress at the tension and that at the compression show 
little difference, the large work hardening found at the tension did not appear at the compression. This difference indicates the 

 

Figure 3. Geometry of in situ diffraction measurement during loading. 
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dependence of the stress polarity on the deformation induced martensitic transformation since it is said that the work hardening 
at the TRIP aided steel was due to the deformation-induced martensitic transformation. In other words, the martensitic 
transformation in the retained austenite appeared significantly suppressed at the compression.  

Lattice strain 
According to the previous works 30, the suppression of the martensitic transformation at the compression was explained by the 
interaction between the applied stress and the expansion accompanied with the martensitic transformation. This interaction can 
be evaluated only when the precise stress condition is known. However, the spatial distribution of stress in the polycrystalline 
materials is different from that of single crystal, mainly because of stress dispersion to the different grains of different phases. 
This can be clarified via the lattice strain measured by in situ neutron diffraction where the lattice strain of the grain with 
different orientations and different phases can be evaluated 31.  

Figure 6 shows the change of lattice strain of the BCC (α) and FCC (γ) phases at the tension (a) and the compression (b). It 
should be notable that the absolute values of lattice strain and stress were presented even at the compression (b). The diffraction 
peaks were indexed by BCC or FCC phases as the EBSD measurements were done. The stress - strain curves were displayed 
as well, and these indicate the macroscopic yield stress (~900MPa). The lattice strain increases linearly at the applied stress 
lower than the yield stress. These liner slopes are regarded as the diffraction Young's modulus, which are dependent especially 
on the effective elastic modulus, 𝐸𝐸ℎ𝑘𝑘𝑘𝑘 which is estimated by the following equation (2): 

𝐸𝐸ℎ𝑘𝑘𝑘𝑘 =  �𝑠𝑠11 + (2𝑠𝑠12 − 2𝑠𝑠11 + 𝑠𝑠44) 𝑘𝑘
2𝑙𝑙2+𝑙𝑙2ℎ2+ℎ2𝑘𝑘2

(ℎ2+𝑘𝑘2+𝑙𝑙2)2
�
−1

  

(2) 

 

Figure 4. Optical microstructure (a) and the orientation gray-scale maps of the FCC (b) or the BCC (C) phases. The 
gray-scale indicates the orientation parallel to the normal direction of the measurement plane with the coloring triangle 

at the right-top of this figure. Dotted line indicates the prior austenite grain boundary (PAGB). 

 

Figure 5. Stress - strain curves of the 0.6%C bainitic steel at the tension or at the compression. 
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where 𝑠𝑠11, 𝑠𝑠12 and 𝑠𝑠44 are the elastic compliances 32. The effective elastic modulus is regarded as Young's modulus of the 
single crystal at the loading parallel to a given [hkl] direction. Figure 7 shows the inverse of the diffraction Young's modulus 
as a function of 𝐸𝐸ℎ𝑘𝑘𝑘𝑘−1. When the studied sample can be regarded as a composite material with different components with 
different Young's modulus, the dispersion of applied stress (elastic strain) to the components can be expressed by the uniform 
stress model (Reuss model) or the uniform strain model (Voigt model). The estimated diffraction Young's modulus by these 
two models were illustrated by dotted lines in Fig.7. This work clearly shows that the deformation dispersion in the 0.6%C 
bainitic steel both at the tension and at the compression follows the average value between those estimated by the Voigt and 
the Reuss models. This result is well consistent with the previous study on the tensile deformation of the duplex steel by in-situ 
neutron diffraction 31. The loading orientation dependence on the stress dispersion can be explained merely by the effective 
elastic modulus, both at the tension and at the compression. 

 

Figure 6. Lattice strain of the 0.6%C bainitic steel at tension (a) or compression (b). Miller indices indicate the 
corresponding crystallographic planes whose diffraction peaks were evaluated to obtain the lattice strain.  

 

Figure 7. Inverse of the diffraction Young's modulus evaluated with the lattice strain as a function of the inverse of 
effective modulus evaluated with single crystal elastic constant. 
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After the yielding, the curves of these lattice strains show no cross point when compared in the same phase, as shown in Fig.6. 
This indicates that the crystallographic dependence of deformation dispersion is governed mainly by the elastic anisotropy as 
indicated by eq. (2), even after the macroscopic yielding. The large difference of stress condition at the austenite grains with 
different crystallographic orientation should be related to the crystallographic dependence of the deformation-induced 
martensitic transformation, as predicted in the previous paper 3. However, it should be noted that the relativity of the magnitude 
of the stress dispersion does not change between the tension and the compression.  

The difference in the lattice strain of the FCC phase between the tension and compression is clearly found in the change of the 
slope at the yielding (Fig.6). All of the increasing rate of the FCC lattice strain at the tension decreases after yielding, while the 
rate at the compression shows no decreasing. This should be due to the volume expansion in the deformation-induced 
martensitic transformation. The expansion with the martensitic transformation occurs both at the tension and at the 
compression, and it partially supports the plastic tensile deformation while it can act as resistance against the compressive 
deformation. 

 

 

Figure 8. Relative intensity of the in-situ diffraction peaks of the 0.6%C bainitic steel at tension (a) or compression (b). 
Miller indices indicate the corresponding crystallographic planes whose diffraction peaks were evaluated. 

 

Figure 9. Volume fraction of austenite of the 0.6%C bainitic steel at tension (a) or compression (b). The partial fraction 
of the austenite whose loading direction was parallel to <111> or <200> was evaluated with the equation (2). 
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Volume fraction of retained austenite and texture 
As shown in Fig.3, the diffraction measurement system was arranged to fix the diffraction vector parallel to the lording axis. 
This means that the relative peak intensity at TAKUMI indicates the concentration of corresponding orientation parallel to the 
loading axis. On the other hand, the diameter of the specimen changes plastically with keeping constant volume. Thus, when 
the raw intensity was modified for the change of sample diameter as the calculation to obtain true stress and standardized by 
initial intensity, the modified intensity indicates the concentration of the corresponding orientation parallel to the loading axis.  

Figure 8 shows the modified relative intensity of the 0.6%C bainitic steel at the tension (a) and the compression (b). The data 
were plotted as a function of applied true stress. These intensities started changing significantly when the applied stress reached 
to the macroscopic yield stress. Concerning of the BCC at the tension, the <110> increased and the <200> decreased. These 
changes were reversed at the compression. The <211> intensity showed relatively neutral both at the tension and at the 
compression. On the other hand, this reversal found in the BCC was not observed in the FCC orientations. The relative intensity 
of <200> and <311> of the FCC decreased both at the tension and compression. Although these changes should imply the 
effect of the stress polarity on the transformation, the diffraction intensity includes not only the the change of orientation 
concentration but also the difference of the diffraction scattering factors. Thus, the volume fraction of austenite should be 
evaluated by the proper method 33.  

Figure 9 shows the total volume fraction of the austenite as a function of applied strain. The total volume of austenite at the 
tension decreases more largely than at the compression. The effect of stress condition on the martensitic transformation has 
been discussed for long time 30 and the result that the difference in kinematical change of austenite volume fraction at the 
tension and at the compression found in this work shows consistent with the previous works 26,34. The difference between the 
tension and the compression tends to become largely with increasing of the carbon content when this data is compared with the 
previously reported data shown in Fig.2.  

The deformation-induced martensitic transformation occurs with the strong orientation dependence 3,20 under the plastic 
deformation accompanied with the crystallographic rotation, it should be useful to consider the texture component at the given 
stress condition. When the applied stress is fixed, the contents of the texture component in the volume fraction of austenite can 
be estimated with the data obtained at TAKUMI. This is because the diffraction vector was parallel to the loading axis. The 
fraction of content of the austenite grains with <hkl> parallel to the loading direction  was calculated by the following equation 
(2) with the corresponding peak intensity, 𝐼𝐼ℎ𝑘𝑘𝑘𝑘

𝛾𝛾  , and the materials scattering factor, 𝑅𝑅ℎ𝑘𝑘𝑘𝑘
𝛾𝛾  33, and the volume fraction of austenite, 

𝑉𝑉𝛾𝛾. 

(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑤𝑤ℎ < ℎ𝑘𝑘𝑘𝑘 > 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ) = 𝑉𝑉𝛾𝛾 � 𝐼𝐼ℎ𝑘𝑘𝑘𝑘
𝛾𝛾 𝑅𝑅ℎ𝑘𝑘𝑘𝑘

𝛾𝛾

∑ 𝐼𝐼
ℎ′𝑘𝑘′ℎ′
𝛾𝛾 𝑅𝑅

ℎ′𝑘𝑘′ℎ′
𝛾𝛾

ℎ′𝑘𝑘′ℎ′
�  (2) 

The content of austenite grains with <111> or <200> parallel to the loading axis were additionally illustrated in Fig. 9. The 
<111> contents show significantly different tendency from the total volume fraction of austenite: the <111> content increased 

 

Figure 10. Inverse pole figures of the loading axes of the 0.6%C bainitic steel. (a) as austempered, (b) tension and (c) 
compression. 
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slightly at the tension, while it decreased at the compression. On the other hand, both the <200> contents at the tension and at 
the compression showed similar to those of the total volume fraction of austenite.  

There should be two reasons for the change of the texture components of the volume fraction of austenite. One is the evolution 
of deformation texture and the another is the orientation dependence on the deformation-induced martensitic transformation. 
Figure 10 shows the inverse pole figures showing the loading direction of the 0.6%C bainitic steel as austempered (a), at the 
tension (b), and at the compression (c). These data were obtained by the EBSD measurement with the samples deformed to 
different strains. Concerning to the deformation texture, the orientation parallel to the hypotenuse orientation (<111> to <001>) 
tends to remain at the tension; whereas <101> // loading axis is the main component of compressive deformation. According 
to the orientation dependence on the deformation-induced martensitic transformation, the mechanism proposed by Bogers and 
Burgers model 35 implied that the slip of the imperfect dislocation whose Burgers vector is parallel to <112> leading partial 
dislocation in FCC crystal is the primitive control process of the martensitic transformation 36. Based on this model and the 
stress partitioning due to the elastic anisotropy, the authors explained the <001> appears the preferable loading axis for the 
deformation-induced transformation 3. However, the austenite grains rotate to the different orientation where the loading axis 
is far from both <001> and <111>. This means that the synergy of both two effects (the deformation texture and the 
transformation mechanism) should bring the dependence of the stress polarity on the kinetics of deformation-induced phase 
transformation. The deformation texture changes with the grain size and other microstructural morphology which changes with 
the total carbon content of the bainitic steel. Thus, the deformation texture should be one of the key points to explain the 
difference of the stress polarity dependence among the different carbon content.   

CONCLUSIONS 

Deformation induced martensitic transformation during tensile or compressive deformation of the high-carbon bainitic steel 
(0.62wt%C-2.02%Si-0.23%Mn-1.01%Cr-Fe) was studied. The microstructure before the deformation was bainite with the 
retained austenite whose volume fraction was 35%. The tensile deformation is accompanied by more significant work 
hardening than that at the compression. This was due to the suppression of deformation induced martensitic transformation at 
the compression, which was confirmed mainly by the in situ neutron diffraction at TAKUMI, J-PARC. It was also found that 
the increasing lattice strain at austenite by tensile deformation retarded with the deformation-induced martensitic 
transformation, while this retardation was not found at the compression. The mechanism for the suppression of the deformation-
induced martensitic transformation at the compression should be related to (1) the evolution of the deformation texture and (2) 
the orientation dependence of the martensitic transformation. 
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