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 1 

Abstract 2 

The effect of pre-straining on ferrite/pearlite phase transformation in high strength steels is 3 

investigated. Two steels differing mainly in their Nb content (0.03C 0.68Si 1.82Mn 0.00 or 0.04Nb in 4 

mass%) are either pre-tensioned or pre-compressed and the same-directional transformation strain is 5 

measured. A crystal plasticity fast Fourier transform numerical model with back stress effect is used 6 

for further investigation and the results are compared. Experimentally, it was found that 30% pre-7 

tension reduces the transformation strain in the same direction by 0.09% (0.00Nb) and 0.13% (0.04Nb), 8 

while 30% pre-compression increases it by 0.16% (0.00Nb) and 0.02% (0.04Nb). The numerical 9 

simulation estimates the experimentally observed anisotropic transformation strain. In the numerical 10 

simulation, even though the anisotropy in transformation plasticity has been qualitatively reproduced, 11 

a larger anisotropy effect was observed. The quantitative discrepancies found in between experimental 12 

results and numerical results are due to the annihilation of dislocations during the interval between the 13 

pre-straining and the onset of phase transformation. The anisotropy in transformation strain found in 14 

the experiments is large enough to cause an unacceptable dimensional change in e.g. heat treated steel 15 

sheet products. 16 

 17 

Key words; Transformation plasticity, High strength steel, Pre-deformation, Back stress, Crystal 18 

plasticity, FFT 19 

 20 

1. Introduction 21 

Production of steel sheets requires a succession of forming and heat treatment steps that must be 22 

rigorously controlled to optimise the final properties of the sheets. In the case of steels, heat treatment 23 

often involves phase transformation and this phenomenon is of primary importance in terms of the 24 

quality of the final products; it is also in most cases coupled with a deformation step to achieve the 25 

desired shape and accurate dimensions. For example, in a hot strip steel rolling mill, the final tandem 26 

rolling of the hot strip is followed by a cooling process in a run-out table (ROT) where phase 27 

transformation takes place. Another example is the hot stamping process in which the forming step is 28 

followed by quenching to produce a high-strength martensitic structure and final tempering to reduce 29 

the phase transformation induced residual stresses. 30 

For the development of thermo-mechanical simulations aiming at predicting final residual stresses and 31 

distortion in such cases, it is essential to characterise and understand the phase transformation 32 

phenomena occurring after a pre-deformation step, during e.g. a cooling step.  33 

The pioneering research in this field has been made by Taleb and Petit [1-2]. A 16MND5 (French 34 

standard) steel containing 0.17C 0.25Si 1.44Mn (mass%) has been considered in their research and 35 

these authors have investigated the effect of a pre-deformation by tension/compression/torsion on 36 



3 
 

subsequent martensite [1] and bainite [2] transformation plasticity. The results show an opposite effect 1 

of the pre-deformation on the transformation plasticity; namely, the transformation strain develops in 2 

a direction opposite to the pre-deformation direction for the bainitic transformation, whereas the same 3 

direction is observed for the martensitic transformation. In the case of the bainitic transformation, it 4 

has also been reported that the back stress, induced during the pre-deformation process, has a direct 5 

influence on the residual stresses and shape/dimensions of the hot rolled strip final products. A back-6 

stress description has therefore been considered in their model in a satisfactory way to reproduce the 7 

experimental results. These experiments have been conducted at relatively low phase transformation 8 

temperatures though (i.e. ranging from 380 to 580 °C), as they considered only bainite and martensite 9 

phase transformations. However, in the case of hot steel strip rolling, hot rolling is conducted at much 10 

higher temperatures, i.e. within the austenitic range, and, subsequently, in most cases, transformation 11 

to ferrite/pearlite occurs. Again, the final dimensions and shape of the strip may vary depending on 12 

the actual amount and direction of the transformation strain, which depends in turn of the hot-rolling 13 

step. Thus, it is also of primary importance to investigate the influence of an initial pre-deformation at 14 

high temperature on subsequent transformation kinetics, to be able to better control the final 15 

mechanical and geometrical characteristics of hot rolled products.  16 

This question is not new and has already been addressed for many different steel grades, as well as for 17 

various pre-deformation modes and cooling rates inducing different phase transformations. For 18 

example, in a recent study, Oshita et al. [3] used a 3-point bending system to identify the transformation 19 

plasticity under externally applied stress in an S45C (Japanese standard) steel containing 0.45C 20 

(mass%), after pre-strain at high temperature. In such a case, it was shown that the transformation 21 

plastic strain decreases with increasing pre-plastic deformation (performed in tension within the 22 

austenitic range). However, neither the stress-free condition nor the influence of the pre-strain 23 

direction was investigated in this case. Li et al. [4] also investigated the influence of a pre-strain on 24 

transformation in a high carbon chromium steel pre-deformed in tension at 900 °C whereas Schicchi 25 

et al. [5] treated the case of a 22MnB5 steel deformed also in tension at 950 °C. In both cases, it was 26 

shown that such a pre-strain at high temperature had a strong influence on the incubation time for 27 

transformation, but not on the actual transformation process. This was justified by the presence of 28 

defects within the austenitic matrix due to deformation (dislocation structures) acting as nucleation 29 

sites for bainite and enhancing the C diffusion. Drillet et al. [6-7] also showed an early onset of phase 30 

transformation in the case of a more complex deformation mode (hot stamping) imposed on Usibor 31 

steel grades (22MnB5 AlSi, an aluminised boron steel). They concluded that the effect is caused by 32 

the sites created by the initial plastic deformation at high temperature which favour in turn ferrite 33 

nucleation at the austenite grain boundaries. They also indicate that the temperature at which the initial 34 

plastic deformation is applied plays an important role in this modification [6]. Some other studies (e.g. 35 

[4, 8-12]) try to explain the final shape after deformation and cooling only by the characteristics of the 36 
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cooling step, without considering at all the influence of the pre-strain. 1 

Thus, most previous studies report a change in the onset of phase transformation (an increase of the 2 

temperature) due to initial plastic deformation of austenite (see also [7]) but do not give further details 3 

on how this phase transformation kinetics is modified by pre-strain. Therefore, there is still a need for 4 

an investigation of the pre-deformation effect on transformation strain at elevated temperatures 5 

inducing ferrite or pearlite phase transformations in order to better understand this particular 6 

phenomenon. The present work brings new results on this question by providing both numerical 7 

modelling and experimental aspects (as detailed further in this paper) showing how and why the 8 

transformation strain itself is affected by the pre-strain. 9 

One aim of this work is specially to investigate the directional effect of a pre-deformation on the 10 

transformation strain in ferrite/pearlite phase transformations in steels. In order to do so, simple tension 11 

and compression tests were conducted at high temperatures before a cooling step, allowing phase 12 

transformation. Although these deformation modes differ from the industrial hot rolling process, they 13 

allow a precise measurement of the transformation strains after deformation. Also, in contrast to the 14 

martensitic phase transformation, which strongly depends on the deformation mode and strain path 15 

especially under applied stress [14-16], the ferrite/pearlite phase transformation is not a shear type but 16 

a diffusional transformation. Therefore, it is thought to be slightly less sensitive to the actual 17 

deformation mode, especially under stress-free phase transformation conditions. 18 

In order to interpret the obtained experimental results, a micromechanical numerical model [17-18] 19 

taking into account the back stress effect has been developed [8] in the framework of crystal plasticity 20 

considering back-stress effect [20-23]. Again here, it must be said that numerous previous works report 21 

numerical simulations of phase transformation in steels, based on crystal plasticity. But most of them 22 

deal only with the martensitic transformation under applied stress (i.e. combined with plastic 23 

deformation) and perform finite element simulations, which most often involve a simplified 24 

description of the initial microstructures of the materials (initial texture and deformation state) in order 25 

to reduce the computing time. 26 

For example, Park et al. [9] have developed an advanced constitutive modelling (included into an FE 27 

code) and calibration methodology (using in-situ high energy X-ray diffraction to get mechanical and 28 

microstructural data) based on rate-independent crystal plasticity to predict the quasi-static 29 

macroscopic behaviour of 3rd generation multiphase advanced high strength steels (3GAHSS) 30 

prepared with a quenching and partitioning (Q&P) process. Although their efforts are quite impressive, 31 

they treat exclusively the question of the interaction between plasticity and transformation at room 32 

temperature, neglecting all thermal effects, and thus do not capture the temperature dependence of 33 

transformation. More recently, Connolly et al. [10] have developed a new thermodynamically 34 

consistent rate-dependent crystal plasticity model to simulate the large deformation behaviour of Q&P 35 

steels with TRIP effect. The proposed model is claimed to be one of the first constitutive models, if 36 
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not the first, suitable for a wide range of strain-rates and temperatures. This model also includes 1 

coupling between plastic slip and transformation, and which explicitly takes into account a detailed 2 

description of the initial state. These striking attempts have successfully simulated the TRIP 3 

behaviours of steels, based on displacive mechanisms. 4 

In the present case, as the ferrite/pearlite phase transformation is considered to be a diffusive 5 

mechanism, it is assumed to be more dependent on time than on dislocation mechanisms. Thus, a time-6 

dependent iso-thermal phase transformation mechanism is introduced in the framework of crystal 7 

plasticity in order to calculate the transformation strain obtained during a thermal treatment step [17, 8 

26-29], following a pre-deformation [19, 30]. A back-stress induced by this deformation is taken into 9 

account in the model to describe the influence of the pre-deformation and the Fast Fourier 10 

Transformation (FFT) – based formulation is used to significantly decrease the computation time and 11 

efficiency compared to FE simulations [31-33]. The calculated strains are then compared to the 12 

experimental ones, in order to check the capacity of the proposed modelling approach to satisfactorily 13 

reproduce the diffusive transformation behaviour after a pre-deformation at high temperature and to 14 

account for the directional effect of the pre-strain.  15 

 16 

2. Experimental approach 17 

This section describes the experimental procedures for the measurement of the anisotropic 18 

transformation strain and experimental results are then detailed. 19 

2.1. Experimental devices 20 

In the present work, the pre-deformation step is carried out by tension and compression tests, both up 21 

to 30% in engineering strain, which is close to what is imposed to the steel on the hot rolling mills. To 22 

achieve this, two different equipment are used; one is an Instron 8803 type fatigue machine equipped 23 

with atmosphere and temperature control for pre-tension testing, and the other is a Bähr compression 24 

machine for pre-compression testing. The reason why we used the different machine for the tests with 25 

compression is to avoid a buckling. Potentially, the 2-dimensional Digital Image Correlation (DIC) 26 

method can be used to measure the in-plane strain with novel methods for the correction of the effect 27 

of out-of-plane displacement [34-35], or 3-dimentional DIC [11] can also applied. The DIC method 28 

can be applied to a high temperature measurement up to 1200 oC [12]. However, considering the length 29 

between two grips of the fatigue machine, a significant out-of-plane displacement can be occurred. In 30 

this case, a simple compressive machine is useful for the large compressive strain application. 31 
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 1 

Fig. 1 

The specimen setup of the tensile testing machine (a) and its specimen geometry for the 

pre-tension tests. The machine is equipped with the high temperature extensometer for 

strain measurement and the induction heating system for temperature control. For this 

machine, only the temperature of the central part of the specimen (12.5 mm gauge 

length) is controlled and the strain is measured. 

For the compressive test, the compression machine uses the specimen geometry shown 

in (b). This device is also equipped an induction heating system for temperature control. 

The induction coil is designed to achieve uniform temperature. 

 2 

The experimental setup for the pre-tension test is shown in Fig. 1, the interior of the vacuum chamber 3 

(a). The induction coil allows a sample to be heated while the nozzle injects helium gas into the gauge 4 
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length zone (= 12.5 mm) to cool it. Strain is measured during the tests using a high temperature 1 

extensometer which measures the distance of the gauge through the ceramic rods which are in direct 2 

contact with the specimen. The Bähr apparatus used for the pre-compression tests is shown in Fig. 1 3 

(b) with the geometry of the specimens used for the pre-compression tests. 4 

The samples were prepared by vacuum casting, hot rolling and tempering. A 50 mm thick slab was 5 

cast in the vacuum chamber, then hot rolled into a 20 mm thick strip and annealed at 800 oC for 3 6 

hours. The specimens were mechanically machined and ground, and thus the specimen’s diameter does 7 

not correspond to the hot rolled slab thickness. 8 

 9 

 10 

2.2. Experimental conditions 11 

The chemical compositions of the two 590 MPa tensile strength steel grades used in this study, 12 

designated HSS1 and HSS2, are shown in Table 1. Steel grade HSS1 has no Nb content and its Ar3 13 

and Ar1 points are 729 oC and 663 oC respectively, while HSS2 contents 0.04 mass% Nb and its Ar3 14 

and Ar1 points are 680 oC and 596 oC respectively. Nb precipitates are known to hinder recovery, 15 

recrystallisation and phase transformation and thus, Nb is sometimes added to better control the final 16 

microstructure of the hot steel rolling products [13]. So, in order to also determine the effect of the Nb 17 

content on the transformation strain after pre-deformation, two steel grades with different Nb content 18 

are selected. The imposed temperature and stress sequences are summarised in Fig. 2. The specimen 19 

is heated up to 950 oC and held for 5 min to achieve full austenitisation and homogenisation. Note that 20 

at this temperature the Nb content is not considered to be in full solution and therefore the effect of 21 

Nb may be less significant than expected, given the weight percentage contained in the HSS2 grade. 22 

The specimen is then cooled at the controlled cooling rate of 5 K/s, which allows to obtain a 23 

ferrite/pearlite phase at ambient temperature, as explained below. 24 

Fig. 3 shows the microstructure etched by 3% Nital solution to reveal ferrite/pearlite grain boundaries 25 

and observed at ambient temperature in optical microscopy after heat treatment of HSS1 (a) and HSS2 26 

(b). The mean ferrite grain size is 59.7 m for HSS1 and 48.1 m for HSS2 respectively. The smaller 27 

grain size in HSS2 reflects the effect of Nb content. During the cooling sequence, an instantaneous 28 

tensile/compressive stress above the yield stress is applied to the specimen just prior the onset of phase 29 

transformation (Ar3 point) at 750 oC for HSS1 and 720 oC for HSS2, which results in the target plastic 30 

strain (-30, 0, 10, 20, 30%). The time interval from when the stress reaches zero due to unloading to 31 

when the temperature reaches Ar3 point was 3 s for HSS1 and was 12 s for HSS2. The strain variation 32 

is then continuously measured during cooling. In order to study the effect of pre-straining on 33 

transformation strain, a shorter period between pre-straining and phase transformation is preferred to 34 

avoid the possible annihilation of dislocations by a creep mechanism at relatively high temperature. 35 
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Therefore, taking into account the response time, the interval between pre-tension (compression), 1 

unloading and the onset of phase transformation is determined for each testing machine. 2 

 3 

 4 

Table 1  
Chemical compositions of HSS1 and HSS2 (mass%). The difference between 

these two steel grades is in their Nb content to evaluate the precipitation effect. 

 C Si Mn P S Nb Al 

HSS1 0.03 0.68 1.82 0.006 0.002 0.00 0.01 

HSS2 0.03 0.68 1.82 0.006 0.002 0.04 0.01 

 5 

 6 

Fig. 2 

Imposed temperature and stress sequence. Full austenisation is made at 950 

oC for 5 min holding, which is followed by controlled cooling at the rate of 5 

K/s. Both tensile and compressive stresses are applied right before the onset 

of phase transformation. Right after the strain reaches the target value, 

unloading is processed to measure the transformation strain under stress free 

condition. 
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 1 

Fig. 3 

Microstructures obtained by optical microscopy after heat treatment (without pre-

straining) of HSS1 (a) and HSS2 (b). Both HSS1 and HSS2 have ferrite and pearlite 

mixed phase. The mean grain size is 59.7 m for HSS1 and 48.1 m for HSS2 

respectively. 

 2 

2.3. Experimental results and discussion 3 

The obtained strain curves contain the contributions of the mechanically induced plastic strain, the 4 

thermal strain and the transformation strain. In order to extract the sole transformation strain, the 5 

following procedure is applied. The Ar3 point has first been estimated by preliminary dilatometry tests, 6 

and then the deformation is applied just above this pre-determined temperature. As this pre-7 

deformation (followed by stress release) induces plastic strain, this residual plastic strain is eliminated 8 

from the total strain. Next, by assuming that the thermal strain varies linearly with temperature, one 9 

can eliminate the thermal strain from the total strain to obtain the sole transformation strain as follows. 10 

As the coefficients of linear thermal expansion of the austenite and the ferrite/pearlite phases are 11 

different, two approximation lines can be drawn on a strain versus temperature plot for austenite and 12 

ferrite/pearlite and the volume fraction of each phase can be calculated using the Lever rule. This 13 

procedure is schematically explained in Fig. 4.  14 

 15 

(a) (b) 

longitudinal direction of specimen longitudinal direction of specimen 

pearlite 
pearlite 
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 1 

Fig. 4 Transformed fraction estimation procedure. 

 2 

With this estimation of the volume fraction and thermal strain, the transformation strain in HSS1 steel 3 

grade is extracted from the data and presented in Fig. 5 (a) for pre-tension, and (b) for pre-compression 4 

respectively. Note that the case without pre-strain has also been treated on both machines and thus 0% 5 

strain curves are determined for both pre-tension and pre-compression. We assume the discrepancy 6 

found in 0% initial strain cases measured by both machines was caused by the temperature distribution 7 

in the radial direction in the specimen. 8 

From Fig. 5 (a) and (b), it can be seen that the transformation onset temperature is increased for both 9 

the pre-tension case and pre-compression cases. As mentioned in the introduction part, this is believed 10 

to be due to the dislocations induced during pre-straining acting as new phase nuclei and accelerating 11 

the phase transformation. It is also clear that the magnitude of the transformation strain in the measured 12 

direction, i.e. the pre-strain direction, decreases with the value of the pre-tension strain, and increases 13 

with the value of the pre-compression strain. Fig. 5 (c) summarises the dependence of the initial strain 14 

on the extracted transformation strain values for the HSS1 steel grade. The standard deviation for the 15 

case of 0% initial strain with the tensile machine is 5.7 × 10−5 , which means the data are quite 16 

reliable. 17 

 18 
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 1 

Fig. 5 

Evolution of the transformation strain with temperature and pre-strain for the 

HSS1 steel. The measured transformation strain decreases with pre-tension (a), 

while it increases with pre-compression (b). 

The obtained transformation strain values are presented in (c) as a function of 

initial strain (pre-strain) value. 

 2 

The same procedure is applied to HSS2 steel grade and the results are shown in Fig. 6 (a) for pre-3 

tension and (b) for pre-compression. The overall tendency is found to be similar to that of HSS1, 4 

although the influence of the pre-strain level appears to be marginal (especially for pre-compression). 5 

This may be attributed to the flow curve difference between the two steel grades. As discussed in 6 

section 3.3, strain hardening is more significant in HSS1 than in HSS2 and this leads to a greater 7 

accumulation of dislocations with the development of back stress. The summarised relation between 8 

initial strain and transformation strain in HSS2 is shown in Fig. 6 (c), where it is seen again that the 9 

transformation strain in the pre-straining direction decreases with pre-tension and increases with pre-10 

compression. 11 
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 1 

Fig. 6 

Evolution of the transformation strain with temperature and pre-strain for the 

HSS2 steel. The measured transformation strain decreases with pre-tension (a), 

while it increases with pre-compression (b). 

The obtained transformation strain values are presented in (c) as a function of 

initial strain (pre-strain) value. 

 2 

3. Numerical simulation of the effect of pre-straining on transformation strain 3 

The aim of this section is to model the effect of pre-straining on the transformation strain using a 4 

micromechanical approach. For this purpose, a fast Fourier transform (FFT)-based [14] 5 

micromechanical crystal plasticity model [40-43] is used. The authors have previously extended the 6 

model to diffusive phase transformation problems and successfully reproduced the transformation 7 

plasticity phenomena for a carbon steel [15]. This model is further extended in the present study by 8 

considering the Armstrong-Frederick (A-F) type back-stress model [16], which can be easily included 9 

into the crystal plastic formalism [44-46] or modified A-F model [47-48]. Note that the aim of this 10 

section is not to find the fitting parameters that appear in the model but to describe properly the 11 

mechanical behaviour under cooling after pre-strain and to propose some mechanisms responsible for 12 

the anisotropy of the transformation strain. The details of the constitutive models and governing 13 

equations are presented below. 14 
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 1 

3.1. FFT-based formulation 2 

For a heterogeneous elasto-plastic material, the rate-form of the constitutive relation at a local position 3 

𝑥 reads: 4 

�̇�(𝒙) = 𝑪(𝒙): 𝜺�̇�(𝒙) = 𝑪(𝒙): (�̇�(𝒙) − �̇�𝑝(𝒙) − �̇�𝑚(𝒙)) (1) 

where 𝑪(𝑥)  is the elastic tensor and 𝜺𝑒 , 𝜺 , 𝜺𝑝  and 𝜺𝑚  are the elastic, total, plastic and 5 

transformation strain tensors respectively. Note that the local transformation strain 𝜺𝑚 is isotropic 6 

and that the thermal strain is not considered in the present calculations. Although the transformation 7 

develops as the temperature decreases, the temperature can be considered to be uniform in the RVE 8 

described by 100 austenite grains. This means that the thermal strain does not contribute to the stress 9 

development and thus it can be neglected. By introducing a homogeneous reference media with 10 

elasticity 𝑪0, equation (1) can be rewritten as: 11 

�̇�(𝒙) = 𝑪0: �̇�(𝒙) + (𝑪(𝒙) − 𝑪0): �̇�(𝒙) − 𝑪(𝒙): (�̇�𝑝(𝒙) + �̇�𝑚(𝒙)) = 𝑪0: �̇�(𝒙) + �̇�(𝒙) 

               ∀𝑥 ∈ 𝑉,  div�̇�  = 0  ∀𝑥 ∈ 𝑉,  �̇�′#,  �̇� ⋅ 𝒏 − # 
(2) 

where �̇�(𝒙) is a polarisation tensor and the abbreviation form # represents the periodic boundary 12 

condition. Equation (2) is rewritten in a Fourier space as: 13 

�̂̇�(𝝃) = i𝑪0: (�̂̇�′(𝝃)⨂𝝃) + �̂̇�(𝝃),      i�̂̇�(𝝃) ⋅ 𝝃 = 0 (3) 

where, 𝝃 is frequency, and the non-italic character i represents imaginary number. By eliminating 14 

�̂̇� from equation (3), we obtain 15 

�̂̇�′(𝝃) =
i

2
(𝑵0⨂𝝃 + 𝝃⨂𝑵0)�̂̇�(𝝃) (4) 

where 16 

𝑵0(𝝃) = 𝑲0(𝝃)−1, 𝑲0(𝝃) = 𝑪0: (𝝃⨂𝝃) (5) 

�̂̇�(𝝃) =
i

2
(𝝃⨂�̂̇�′(𝝃) + �̂̇�′(𝝃)⨂𝝃) = −�̂�0(𝝃): �̂̇�(𝝃) (6) 

�̂�0(𝝃) =
1

4
(𝑁𝑙𝑖

0𝜉𝑗𝜉𝑘 + 𝑁𝑘𝑖
0 𝜉𝑗𝜉𝑙 + 𝑁𝑙𝑗

0 𝜉𝑖𝜉𝑘 + 𝑁𝑘𝑗
0 𝜉𝑖𝜉𝑙) (7) 

�̂�0 is a periodic Green’s operator. Inverse Fourier transformation of equation (6) gives the strain field 17 

within the heterogeneous medium. The details of the solution are given in references [17, 39]. 18 

 19 

3.2. Constitutive equations for crystal plasticity with back stress effect 20 

In this research, the conventional single crystal constitutive equations are applied [49-51]. The total 21 

plastic strain rate can be obtained as a sum of the individual slip rate �̇�𝛼  on the 𝛼  slip system. 22 

Introducing a Schmid tensor 𝒑𝛼 for slip system 𝛼, the total plastic strain rate can be written as: 23 
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�̇�𝑝 = ∑ 𝒑𝛼�̇�𝛼

𝛼

 (8) 

where 𝒑𝛼 is defined as: 1 

𝒑𝛼 =
1

2
(𝒔𝛼⨂𝒎𝛼 + 𝒎𝛼⨂𝒔𝛼), (9) 

𝒔𝛼 and 𝒎𝛼 are respectively the slip direction and slip plane normal of the 𝛼 slip system. When the 2 

effective resolved shear stress 𝜏∗(𝛼)
 becomes equal to the Critical Resolved Shear Stress (CRSS) 𝑔𝛼, 3 

the slip system 𝛼 becomes active, such that: 4 

|𝜏∗(𝛼)| = |𝒑𝛼: 𝝈| = 𝑔𝛼 (10) 

with the effective resolved shear stress 5 

𝜏∗(𝛼) = 𝜏(𝛼) − 𝑎(𝛼). (11) 

The back stress 𝑎(𝛼) on the 𝛼 slip system is modelled as follows using the Armstrong-Frederick (A-6 

F) model [16]: 7 

�̇�(𝛼) = 𝐶�̇�(𝛼) − 𝑑𝑎(𝛼)|�̇�(𝛼)|. (12) 

In this research the rate-independent model proposed by Hutchinson [17] is also used. In this case, the 8 

hardening law is expressed by: 9 

�̇�: 𝒑𝛼 = ∑ ℎ𝛼𝛽�̇�𝛽

𝛽

 (13) 

which implies: 10 

�̇�𝛼 = ∑ ℎ𝛼𝛽|�̇�𝛽|

𝛽

 (14) 

where ℎ𝛼𝛽  are the so-called hardening coefficients. For the description of these coefficients, the 11 

following model is used [18]: 12 

ℎ𝛼𝛼 = ℎ = 𝐻0 sech2 [
𝐻0 ∑ |𝛾𝛽|𝛽

𝜏𝑠 − 𝜏0
] (15) 

ℎ𝛼𝛽 = 𝑞ℎ + (1 − 𝑞)ℎ𝛿𝛼𝛽 (16) 

where 𝐻0  is the coefficient parameter, 𝜏0  is the initial yield stress value and 𝜏𝑠  is the saturated 13 

stress value and 𝑞 is the latent hardening parameter. 14 

 15 

3.3. Calculation conditions 16 

64 × 64 × 64 calculation points are uniformly defined within a cubic RVE. The boundary conditions 17 

for displacement, strain and stress are 𝑥 − 𝑦 − 𝑧 periodic. Inside the RVE, 100 initial grains with 18 

random orientation are created, using the Voronoi tessellation technique. 19 

First of all, the mechanical parameters listed in Table 2 are determined by fitting the measured stress-20 

strain curves (s-s curves) determined just before and after phase transformation, i.e. for the austenite 21 

and ferrite/pearlite phases respectively. Note that only one slip system family, namely the {111}<110> 22 
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(12 slip systems) is considered for the austenitic phase, whereas three slip system families are 1 

considered for the ferrite/pearlite phase, namely the {110}<111>, {112}<111> and {123}<111> slip 2 

system families (48 slip systems). For the sake of simplicity, these 3 slip system families are assumed 3 

to have the same parameters listed in Table 2. Here, the latent hardening parameter 𝑞 is a function of 4 

steel grade and temperature. Ideally, this parameter should be also identified together with the other 5 

hardening parameters. However, the mechanical behaviour during phase transformation can be 6 

reproduced by optimising other parameters appearing in Table 2 and, furthermore, the identification 7 

process of the value at high temperature is extremely difficult and unrealistic. Therefore, in this study, 8 

the value of 1.0 is used for all the simulation cases [19]. Initially, the s-s curves of both the austenite 9 

and ferrite/pearlite phases were measured at a temperature of 750 oC for HSS1 and 720 oC for HSS2, 10 

which is just above the Ar3 point of each steel grade. For the austenite phase, the s-s curves are 11 

measured immediately after reaching the pre-set temperature and the temperature is controlled to be 12 

constant during the straining. For the ferrite/pearlite phase, the temperature is controlled to be constant 13 

after reaching the fixed temperature until the phase transformation is completed. The transformation 14 

completion time is estimated from the preliminary obtained TTT curve. The s-s curves of the 15 

ferrite/pearlite phase are measured after this isothermal hold. Note that in real industrial phenomena, 16 

the temperature decreases with time. However, it is difficult to identify the temperature dependent s-s 17 

curves of each pure phase, so for simplicity the s-s curves at fixed temperatures are used in this 18 

research. Fig. 7 compares the calculated stress-strain curves using manually fitted parameters on the 19 

measured ones for austenite (a) and ferrite/pearlite (b) in HSS1 and austenite (c) and ferrite/pearlite 20 

(d) in HSS2. For both steel grades, the austenite phase has a slightly lower yield stress but higher flow 21 

stress at relatively high strain range, implying a larger work hardening capacity. This tendency agrees 22 

with the work hardening behaviours of the austenitic and ferritic stainless steel [55-56]. Concerning 23 

the yield stress difference in ferrite/pearlite phase between HSS1 and HSS2, the yield stress (0.2% 24 

proof stress) in HSS1 is 63.2 MPa while in HSS2 is 113.2 MPa. This discrepancy in two different steel 25 

grades may be due to grain size effect and/or Nb(C, N) precipitation effect [20]. Considering the 26 

measured mean grain size (HSS1:59.7 m and HSS2:48.1 m) and Hall-Petch relation in steels [58-27 

60], the effect of grain size on the yield stress may be less significant. Although some discrepancy can 28 

be observed in the austenite phase of HSS1 above 0.05 strain, the higher priority was given to strains 29 

below 0.05 reflecting the magnitude of the ferrite/pearlite transformation strains. The parameter set 30 

shown in Table 2 is not the unique solution of a good fitting of the measured s-s curves. 31 
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 1 

Fig. 7 

The crystal plasticity parameters appear in Table 2 are fitted with the experimentally 

obtained s-s curves; 

HSS1: austenite phase at 750 °C (a), ferrite/pearlite phase at 750 °C (b), 

HSS2 : austenite phase at 720 °C (c), ferrite/pearlite phase at 720 °C (d). 
 

 2 

Table 2  
Crystal plasticity calculation parameters. The relevant temperature is 750 oC 

for HSS1 and 720 oC for HSS2. 

 austenite ferrite/pearlite 

Steel grade HSS1 HSS2 HSS1 HSS2 

Bulk modulus (MPa) 135833 135833 150000 150000 

Shear modulus (MPa) 62692 62692 69231 69231 

𝐻0 (MPa) 1400 4000 500 75 

𝜏0 (MPa) 22 25 27 55 

𝜏𝑠 (MPa) 2300 1800 2000 130 

𝑞 (-) 1.0 1.0 1.0 1.0 

Number of grains 100 100 100 100 

𝐶 (MPa) 100 100 100 100 

𝑑 (-) 80 80 80 80 

 3 
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Thereby, the crystal plasticity model with the proposed parameter set is one of the solutions that can 1 

satisfactory reproduce the constitutive behaviour of HSS1 and HSS2 at given temperature. The back 2 

stress parameter set is arbitrarily fixed to (𝐶, 𝑑) = (100, 80); this choice will be examined in more 3 

depth below. 4 

During phase transformation, randomly distributed seeds start to grow within the austenite grains, with 5 

an orientation related to the parent phase by the Kurdjimov-Sachs (K-S) relationship (one of the 24 6 

possible variants is randomly selected). A graphical explanation of the phase transformation 7 

calculation is shown in Fig. 8. 8 

 9 

 10 

Fig. 8 

A graphical explanation of imaginary microstructures at initial state (a) with 100 

grains and during phase transformation (b) in the RVE which comprises 

64 × 64 × 64 calculation points. The contour represents each grain. The initial 

microstructure has 100 austenite grains of Voronoi polyhedra; they are 𝑥 − 𝑦 − 𝑧 

periodic and have random crystallographic orientations. During phase 

transformation, 100 new ferrite/pearlite grains nucleate at the random points inside 

the RVE. The ferrite/pearlite grains, having larger volume than those of austenite, 

grow isotropically. 

 11 

 12 

As phase transformation progresses, the macroscopic volume expansion (mean value calculated over 13 

the RVE) occurs as a consequence of the microscopic (local calculation points) volume expansion. 14 

From the exact theoretical result by Leblond [21] for an isotropic polycrystalline aggregate undergoing 15 

phase transformation without macroscopic applied stress, the mean strain of the polycrystal reads: 16 

(a) (b) 

ferrite/pearlite grains 
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𝜀̅ = 𝜀̅𝑚 = 𝛽𝜉 (17) 

where 𝜀 ̅ is the mean strain caused by mean transformation strain 𝜀̅𝑚, 𝛽 is the total transformation 1 

strain and 𝜉 is the macroscopic volume fraction of daughter (ferrite/pearlite) phase. The 𝛽 values 2 

for HSS1 and HSS2 ferrite/pearlite phase transformation were estimated from the experimental results 3 

to be 4.13 × 10−3 and 3.91 × 10−3 respectively. For the case of phase transformation without pre-4 

straining, the predicted macroscopic transformation strain evolution in HSS1 is shown in Fig. 9 (a) 5 

without back stress effect and (b) with back stress effect. The same material data as shown in Table 2 6 

(relevant to 750 oC) other than back stress parameters are used. From these results, it is obvious that 7 

the transformation strain is isotropic and does not depend on the level of back stress. 8 

 9 

 10 

 11 

Fig. 9 

Comparison of the three strain components predicted with the FFT approach 

(solid and dashed lines) and the macroscopic one assessed by the Leblond theory 

(open symbols) without back-stress effect (a) (𝐶, 𝑑) = (0, 0) and with back-

stress effect (b) (𝐶, 𝑑) = (100, 80). 

 12 

The choice of these back stress parameters (𝐶, 𝑑)  appear in equation (12) indeed depend on the 13 

material. Bandyopadhyay et al. [22] have recently reported the values (𝐶, 𝑑) = (5997, 31)  for a 14 

nickel based super alloy. These values are much larger than those found for a 4340 steel (𝐶, 𝑑) =15 

(100, 30) reported by Bennett et al. [23]. Considering the material type, the parameters proposed by 16 

Bennett et al. should be quite similar to those that should be retained for our HSS1 and HSS2 steels. 17 

In the present case, the parameter 𝑑, which quantifies the recovery effect, should be larger than the 18 

values proposed in the literature because of the difference in temperature; high temperature problems 19 

in the present work and ambient temperature problems in the literature. To consider the influence of 20 

the elevated temperature (𝑑 should be higher than 30), and the reproductivity of the experimental-21 

based stress/strain curves, the parameters (𝐶, 𝑑) = (100, 80) are finally retained for all simulations.  22 
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Using these parameters, pre-tension/compression calculations followed by unloading and phase 1 

transformation under macroscopic stress-free (zero load) condition have been conducted. A uniaxial 2 

tension in z-direction up to 10% macroscopic strain (i.e. averaged on the RVE), is simulated. Note that 3 

only 10% pre-deformation calculations are conducted because it was hardly possible to identify the 4 

proper parameters for the crystal plasticity calculation up to 30% deformation. The reason behind the 5 

discrepancies of s-s curves between calculation and experiment at high strain range is presumably the 6 

capability of crystal plasticity constitutive model that this study applies. In this simulation, the six 7 

macroscopic strain components are controlled by optimising �̂̇�(𝟎)  to achieve z-direction uniaxial 8 

stress condition with a strain increment in one step equals to δ𝜀𝑧𝑧 = 0.01% . Prior to the 9 

transformation calculation, the unloading process is simulated with about 2 MPa decrease in 𝜎𝑧𝑧 at 10 

each step until the stress-free condition is reached. When unloading is completed, phase transformation 11 

is set to start as described above. 12 

 13 

3.4. Simulation results and discussion 14 

The simulated macroscopic strains in the three directions during phase transformation after pre-tension 15 

are shown in Fig. 10 (a-b). Note that the strains at the start of the phase transformation are shifted to 16 

zero on the graph to give a better understanding of the transformation behaviour. The resulting 17 

transformation strains of HSS1 are now anisotropic (𝜀𝑥𝑥
𝑚 , 𝜀𝑦𝑦

𝑚 , 𝜀𝑧𝑧
𝑚) =18 

(0.5308%, 0.5255%, 0.1818%), but taking the average gives exactly the same value as the isotropic 19 

(local) transformation strain value, equals to 0.413%. 20 

As shown in Fig. 10 (a-b), a significant back stress effect on anisotropic transformation strain is 21 

observed: the transformation strain in the pre-strained direction (z-direction) shows a smaller value 22 

than the other strain components. A similar trend is observed for HSS2, which presents a larger degree 23 

of anisotropy. In the same manner as HSS1, the transformation strains of HSS2 are strongly anisotropic 24 

(𝜀𝑥𝑥
𝑚 , 𝜀𝑦𝑦

𝑚 , 𝜀𝑧𝑧
𝑚) = (0.5446%, 0.5745%, 0.0551%), but the average of these values is in accordance 25 

with the isotropic local transformation strain value estimated at 0.391% . While the qualitative 26 

behaviours of pre-deformation effect on the following transformation strains are well in accordance 27 

with the experimental ones, anisotropic effects estimated by the simulation for both HSS1 and HSS2 28 

appear to be much stronger than those obtained experimentally. This comparison in HSS1 is 29 

summarised in Fig. 10 (c); the anisotropy effect (difference between isotropic and anisotropic strain 30 

values) by simulation is 0.231% while by experiment is 0.045%, therefore 5.2 times for HSS1 while 31 

9.6 times for HSS2 more significant effect is estimated by simulation. This discrepancy may be caused 32 

by the annihilation of dislocations during the time interval between straining and the onset of phase 33 

transformation (HSS2 has longer interval than HSS1), which will in turn reduces the back-stress. This 34 

annihilation is not considered in our modelling. These gaps can be narrowed by, for example, stress 35 

relaxation tests and an implementation of the dislocation annihilation effect in the numerical model. 36 
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(c) 

isotropic transformation strain (HSS1) 𝜀 = 0.413% 

anisotropic transformation strain (sim.) 𝜀 = 0.182% 

anisotropic transformation strain (exp.) 𝜀 = 0.368% 

(d) 

isotropic transformation strain (HSS2) 𝜀 = 0.391% 

anisotropic transformation strain (sim.) 𝜀 = 0.056% 

anisotropic transformation strain (exp.) 𝜀 = 0.356% 
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 Fig. 10 

Predicted evolution of the transformation strains during transformation after 10% 

pre-straining: pre-tension :  

HSS1 (a) and HSS2 (b), comparison of transformation strain between simulation 

and experiment for HSS1 (c) and for HSS2 (d), pre-compression : HSS1 (e) and 

HSS2 (f). 

Both steel grades have the same qualitative tendency of transformation strain 

anisotropy, namely the transformation strain in the z direction (tensioned direction) 

is smaller than those in the other two directions reflecting the directional hardness 

caused by the pre-straining process. Inversely, the transformation strain in the z 

direction (compressed direction) is larger than those in the other two directions. 

 1 

The performed calculations show that, during tension, the back stress develops in the mother 2 

(austenite) phase and induces the anisotropy of the subsequent transformation strain. The observed 3 

difference in s-s curves between HSS1 and HSS2 may be attributed to the intensity of the anisotropy 4 

as HSS2 is slightly harder than HSS1 reflecting the Nb precipitation effect. 5 

In addition, the pre-compression case is to verify the above discussion developed for the case of pre-6 

tension. Again, a pre-compression calculation is conducted down to -10% strain in the z-direction. The 7 

rest of the procedure is the same as pre-tension case. The results show the totally opposite behaviour 8 

to the ones with pre-tension case, namely, the strain in z-direction during phase transformations appear 9 

to be higher than the other direction strain components as shown in Fig. 10 (e-f). The transformation 10 

strain is (𝜀𝑥𝑥
𝑚 , 𝜀𝑦𝑦

𝑚 , 𝜀𝑧𝑧
𝑚) = (0.2278%, 0.3175%, 0.6927%)  in HSS1 and (𝜀𝑥𝑥

𝑚 , 𝜀𝑦𝑦
𝑚 , 𝜀𝑧𝑧

𝑚) =11 

(0.1315%, 0.1372%, 0.9057%) in HSS2. 12 

In order to investigate the back stress development during the simulation sequence, an average back-13 

stress is calculated on all slip systems as: 14 

�̅� ≡ √∑ 𝑎(𝛼)2

𝛼

. (18) 

Its variation during loading, unloading and phase transformation is shown in Fig. 11 (a) for HSS1 and 15 

(b) for HSS2. It is worth noting that the back stress during the unloading process first shows a rapid 16 

decrease, reflecting the reversal of the loading direction, but then increases again. This increase in 17 

back stress reflects the occurrence of plastic deformation during unloading [24]. From the microscopic 18 

point of view, some grains are indeed still in the plastic regime during unloading, resulting also in the 19 

marginal decrease in the elastic modulus. Then, in conjunction with the transformation evolution, the 20 

average back stress decreases, resulting in anisotropy. By looking at Fig. 10, it is seen that the 21 

anisotropy predominantly occurs at the early stage where even a negative transformation strain in z-22 
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direction is observed. Then, as the back stress relaxes, the strain in the z-direction begins to increase 1 

as a normal transformation strain. 2 

 3 

 4 

 5 

Fig. 11 

The predicted evolution of the back stress during the loading-unloading-

transformation sequence for HSS1 (a) and HSS2 (b) pre-tension case. The average 

back stress value decreases with the inverse of straining direction, while it increases 

again even during unloading. This implies the plastic deformation occurrence during 

unloading. At the initial stage of phase transformation, plastic strain, which 

accompanies with the isotropic transformation strain, develops in favour of releasing 

the accumulated back stress during pre-tension. 

 6 

This confirms the above explanation that the pre-straining makes an effect on the anisotropic 7 

transformation strain even though the local transformation strain is isotropic. Therefore, the back stress 8 

induced anisotropy is an origin of plastic (i.e. necessarily anisotropic) deformation during phase 9 

transformation sharing the similar mechanistic nature with heterogeneous microstructure [64-69] and 10 

applied external stress induced transformation plasticity [70-74]. 11 

 12 

4. Conclusion 13 

In this paper, the influence of a pre-deformation on the subsequent ferrite/pearlite transformation 14 

features in two high strength steels (with/without Nb) at high temperature, has been studied both 15 

experimentally and numerically. It has thus been revealed that: 16 

⚫ Pre-straining results in an anisotropic transformation strain. The more severe pre-straining the 17 

more significant anisotropy occurs. 18 

⚫ The anisotropy is less significant with Nb content. 19 

⚫ Pre-tension decreases the same directional transformation strain, whereas pre-compression 20 
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increases the same directional transformation strain. 1 

⚫ Even though anisotropic, total transformation strain value remains the same as that of the 2 

isotropic case. 3 

To interpret these phenomena, some simulations have been performed using a crystal plasticity 4 

constitutive law and the Armstrong-Frederick hardening law, yielding: 5 

⚫ The behaviour of anisotropic transformation strain found in the experiments can be explained 6 

qualitatively by the back-stress induced by pre-straining. 7 

⚫ The anisotropy effect found by the simulation is more significant than that by experiment because 8 

of the dislocation annihilation during the interval between pre-straining and the onset of phase 9 

transformation at high temperature. 10 

This result may have important consequences for some industrial processes such as hot rolling, for 11 

which there is still a need to better control the final dimensions (mainly the width) of the rolled sheets. 12 

The proposed methodology will thus be applied in the future to real industrial schedules. 13 
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