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Abstract The induced martensite transformation in a

dual-phase bainitic ferrite–austenite steel during heavy

compression was studied by thermodynamic computations.

Compression tests were conducted at temperatures of 298

and 573 K on the rectangle samples at the strain rate of

0.001 s-1. The samples were deformed to 40 and 70% of

their original thickness. It was found that 70% compression

of the steel at room temperature resulted in transformation of

retained austenite to martensite, which is in agreement with

thermodynamic calculations. Additionally, heavy compres-

sion resulted in the formation of fine grains with high angle

grain boundaries which confirms grain refinement.

Introduction

Grain refinement of different metallic alloys has recently

been regarded as a method to improve simultaneously

strength and toughness. One of the most effective tech-

niques which can be appropriated to produce ultrafine-

grained (UFG) materials is severe plastic deformation

[1–4]. Nowadays, this method has successfully been used

to produce several UFG steels, such as low-carbon steel

[5, 6], ferrite–martensite dual-phase steel [7], and age

hardenable steel [1]. One of the drawbacks in making UFG

high Si bainitic steel is the presence of retained austenite.

Retained austenite through severe plastic deformation may

transform to martensite [8] and cause ductility reduc-

tion. Therefore, developing a model which could predict

induced martensite transformation at temperatures higher

than martensite start temperature (Ms) is very useful. The

influence of external stress, on Ms, has been discussed

qualitatively [9]. In this matter, Patel and Cohen [10]

developed a model for calculating the effect of uniaxial

tension and compressive stresses on the Ms of iron–nickel

and iron–nickel–carbon steels. Also, based on thermody-

namic calculations, Xie et al. [11] studied the strain-

induced martensite formation in a manganese steel medium

through impact loading condition. In this paper, it is

attempted to develop a thermodynamic model which pre-

dicts induced martensite transformation based on the

driving force of austenite to martensite transformation

(DGc?M) and mechanical energy (U) during compression

process. In the latter, the microstructure evolutions of the

steel through compression process are studied at different

temperatures and the calculations are verified by experi-

mental results.

Experimental

In order to study a dual-phase bainitic ferrite–carbon

enrichment austenite steel, a high Si bainitic steel (Fe–

0.22C–2.0Si–3.0Mn) was selected. Four rectangular billets

(8.5 mm 9 8.5 mm 9 12 mm dimensions) were austenited

at 900 �C. Reducing the austenite grain size, austenitization

was performed at various stages which differ in duration;

followed by austempering at 330 �C for 30 min [12]. Then,

specimens were deformed at 298 and 573 K to 40 and 70%

of their original thickness (Table 1). Compression process

was performed at the strain rate of 0.001 s-1.
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The microstructure of the as-received and 70% deformed

samples were examined using scanning electron micros-

copy (SEM). Also, the microstructure of samples after 70%

compression possess were studied by electron back scat-

tering diffraction (EBSD) technique, with a step size of

0.2 lm. To examine the microstructures precisely, X-ray

diffraction (XRD) analysis was conducted on the deformed

samples with angular range 70–85� 2h with Cu Ka radiation

at 40 kV and 30 mA in a step scanning at 0.05� 2h with a

count time of 30 s per point. In the case of as-received

sample, X-ray diffraction was conducted by using Co Ka
radiation, with angular range 45–125�.

Thermodynamic calculation

In this study, the thermodynamic model which was

developed for austenite to martensite transformation during

ECAP process [13] is adapted for simple pressure process.

It is well established that at temperatures higher than Ms,

austenite does not transform to martensite in the absence of

an external stress. In other words, induced martensite can

appear when the required driving force is supplied by

mechanical energy. It is derived from Fig. 1 that the

mechanical energy can supply enough driving force for

martensitic transformation at temperatures higher than Ms

and below Md, due to enhancement of free energy of aus-

tenite phase (metastable austenite curve). Therefore, the

driving force for martensitic transformation at test tem-

perature consists of chemical driving force DGc!M
T

� �
and

mechanical energy (U).

Mechanical energy calculation

The area under stress–strain curve is the mechanical energy

per unite volume which is consumed by the material during

deformation. A reliable approach to determine this area is

multiplying the max value of the applied stress by its

corresponding strain. So, the mechanical energy (U) could

be defined by two terms; shear energy ðs�cÞ which is shear

stress in the direction of habit plane multiplication at the

effective shear strain and normal energy ðr�eÞ is the normal

stress, perpendicular to the habit plane, multiplication at

effective normal strain. Thus, [10]:

U ¼ s�cþ r�e ð1Þ

s is positive, as most of the habit planes shear in one

direction. However, normal stress in some situations

induces martensite formation and prevents martensite for-

mation in other situations. For tensile stress, r is positive

while negative for the pressing stress. In order to compute

the mechanical energy, the parameters mentioned are

determined as follows.

Effective strain

It is known that the effective strain is represented by [14]:

�e ¼
ffiffiffi
2
p

3
ðez � eyÞ2 þ ðey � exÞ2 þ ðex � ezÞ2
h i1=2

ð2Þ

where ex, ey, and ez are the plastic strains in the directions of

x, y, and z, respectively. The normal strain in the direction

of applied compression (ez) is as follows [14]:

ez ¼ Ln
h1

h2

� �
ð3Þ

where h1 and h2 are the initial and final height of the

sample (Table 1), respectively.

Also, it is well established that during the plastic region,

the material flows with negligible change in the volume.

Assuming constant volume, the following equation is

derived [14]:

ex þ ey þ ez ¼ 0 ð4Þ

On the other hand, in an isotropic material, the strains in

the x and y directions (ex, ey) are equal [14]. Thus,

ex ¼ ey ð5Þ

Considering Eqs. 4 and 5, ex and ey could be evaluated as a

function of ez

Table 1 Specimens dimension before and after deformation

procedure

Test temperature (K) 573 298

Deformation percent (%) 70 40

Initial height (mm) 12 12

Final height (mm) 3.3 7.1

Fig. 1 Free energy change versus temperature [13]
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ex ¼ ey ¼ �
ez

2
ð6Þ

Substituting Eq. 3 into Eq. 6, the above equation can be

written as:

ex ¼ ey ¼ �
1

2
Ln

h1

h2

� �
ð7Þ

Finally, substituting the normal strain components in Eq. 2,

it is easy to calculate the effective normal strain. In

addition, the effective shear strain could be determined as

follows [14]:

�c ¼
ffiffiffi
2
p

�e ð8Þ

The normal strain components in 40 and 70% deformed

samples are calculated by using Eq. 7, which are shown in

Table 2. In the next step, the effective normal strains (for

the both samples) are determined by substituting the nor-

mal strain components in Eq. 2. Also, the effective shear

strains are evaluated by applying Eq. 8.

Effective stress

For uniaxial tension or compression stresses, a consider-

ation of Mohr’s circle shows that the resolved shear and

normal stresses are [10]

s ¼ 0:5�r sin 2h

r ¼ 0:5�rð1þ cos 2hÞ
ð9Þ

where �r is the effective plastic stresses (tension or

compression) and h is the angle between the specimen

axis and the normal to any potential habit plane. The

effective plastic stress is represented by [14]

�r ¼
ffiffiffi
2
p

2
ðrz � ryÞ2 þ ðry � rxÞ2 þ ðrx � rzÞ2
h i1=2

ð10Þ

where rx, ry, and rz are plastic stress in the directions of x,

y, and z, respectively. Further, Holloman equation can be

applied to calculate the plastic stress in the direction of

applied pressure [14]

rz ¼ ken
z ð11Þ

where k and n are work-hardening factor and work-

hardening exponent, respectively. Here, it is assumed that

the effect of the temperature variations on the work-

hardening factor and work-hardening exponent of the steel

is negligible. In order to determine stresses in the direction

of x and y, Levy–Mises equation could be applied [14]

ex

rx
¼ ey

ry
¼ ez

rz
ð12Þ

Substituting the ex, ez, and rz in Eq. 12, the rx is calculated.

In the same way, the ry is determined. Consequently, the

effective stress could be evaluated from Eq. 10.

The normal stresses in the direction of applied pressure

(in 40 and 70% deformed samples) are calculated by

substituting n, k (0.58 and 1947 MPa, respectively [13])

and ez values in Eq. 11 (Table 3). Then, rx and ry for both

deformed samples are determined from Eq. 12. Lastly, the

effective normal stresses are computed by substituting

normal stress components in Eq. 10 (Table 3).

Mechanical energy

Now, the mechanical energy (U) could be expressed as a

function of the orientation of a transformation martensitic

plate by substituting Eq. 9 into Eq. 1 [10]

U ¼ 0:5�c � �r sin 2h� 0:5�e � �rð1þ cos 2hÞ ð13Þ

The above equation could be used for calculating

mechanical energy either in macroscopic or microscopic

approach [10, 13]. Therefore, Eq. 13 in the microscopic

scale could be written as

U ¼ 0:5c0 � �r sin 2h� 0:5e0 � �rð1þ cos 2hÞ ð14Þ

where c0 and e0 are shear and normal strains through

martensitic transformation, which here assumed to be 0.25

and 0.03 [15], respectively. Since we are concerned with

the plates that form first (at Ms) under the influence of

applied stress, it is necessary to find the particular

orientation which yields a maximum value of U [10]

dU

dh
¼ c0�r cos 2h� e0�rð� sin 2hÞ ¼ 0 ð15Þ

sin 2h
cos 2h

¼ tan 2h ¼ �c0

e0

ð16Þ

Substituting the known components of the transformation

strain into Eq. 16, the 2h value assumed to be 85�. On the

Table 2 Calculated strain values

Parameter ex40%
; ey40%

ez40%
�e40% �c40% ex70%

; ey70%
ez70%

�e70% �c70%

Magnitude -0.26 0.52 0.52 0.74 -0.65 1.3 1.3 1.86

Table 3 Calculated stress values

Parameter rx40%
and ry40%

(MPa) rz40%
(MPa) �r40% (MPa) rx70%

and ry70%
(MPa) rz70%

(MPa) �r70% (MPa)

Magnitude -670 1330 2000 -1130 2270 3400
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other hand, it is known in the macroscopic scale austenite

planes shear in direction of 45� which yields the 2h value

90�. As the similar values are calculated in the both

approaches, it seems logical to assume planes in the

macroscopic and microscopic scale shear in the same

direction. In this matter, 2h value assumed to be 90�. Then,

by substituting the values of 2h, effective stress, effective

normal, and shear strains in Eq. 13, the mechanical energy

through simple compression could be calculated as follows

U70% ¼ 0:5� 1:86� 3400� sinð90Þ � 0:5� 1:3� 3400

� ð1þ cosð90ÞÞ
¼ 952 MPa ¼ 6570 J mol�1

U40% ¼ 0:5� 0:74� 2000� sinð90Þ � 0:5� 0:52� 2000

� ð1þ cosð90ÞÞ
¼ 220 MPa ¼ 1520 J mol�1

Chemical energy calculation

The martensite start temperature of the proposed steel (for

infinity large austenite grain) was estimated 154 K [13].

However, considering the effect of austenite grain size

reduction on the Ms, the Ms of the steel was calculated by

using Bhadeshia equation [16] equals to 67 K [13]. Also,

the driving force of the austenite to martensite transfor-

mation could be calculated as follows [17]

DGc!M ¼2xRT lnxþ xðHa�DHc�ðDSa�DScÞT
þ 4xa� 6xcÞ� 4RTð1� xÞ lnð1� xÞ

þ 5RTð1� 2xÞ lnð1� 2xÞ� 6RTx ln
dc� 1þ 3x

dcþ 1� 3x

����

����

� 6RTð1� xÞ ln 1� 2Jcþð4Jc� 1Þx� dc

2Jcð2x� 1Þ

����

����

þ 3RTx lnð3� 4xÞþ 4RTx ln
da� 3þ 5x

daþ 3� 5x

����

����

þð1� xÞDGc!a
Fe þDf � ð17Þ

where R, T, and x are the gas constant, absolute

temperature, and mole fraction of carbon, respectively.

Other parameters are determined as follows [13, 18, 19]

da ¼ 9� 6xð2Ja þ 3Þ þ ð9þ 16JaÞx2
�� ��1=2 ð18Þ

dc ¼ 1� 2xð1þ 2JcÞ þ ð1þ 8JcÞx2
�� ��1=2 ð19Þ

Ja;c ¼ 1� expð�xa;c=RTÞ ð20Þ

xa ¼ 48570 J mol�1

xc ¼ 8523 J mol�1

DHa ¼ 112212 J mol�1

DSa ¼ 51:5 J mol�1

DHc ¼ 35129þ 169105x ð21Þ

DSc ¼ 7:639þ 120:4x ð22Þ

Df � ¼ �1746 J mol�1

DGc!a
Fe

RT
¼ 5 ln

1� x

1� 2x

����

����

þ 6 ln
1� 2Jc þ ð4Jc � 1Þx� 1� 2ð1þ 2JcÞxþ ð1þ 8JcÞx2

� 	1=2

2Jcð2x� 1Þ

�����

�����

ð23Þ

Substituting the mole fraction of austenite carbon content of

the proposed steel (0.05 [13]) in the above equations, all the

parameters are known. As a result, DGc?M at Ms, 573 and

298 K could be computed by using equation (17) as follows:

DGc!M
MS
¼ 7040 J mol�1

DGc!M
298 ¼ 645 J mol�1

DGc!M
573 ¼ �221 J mol�1

Consequently, the required mechanical energy for induced

martensite formation at each temperature is:

DGc!M
MS
� DGc!M

298 ¼ 7040� 645 ¼ 6395 J mol�1

DGc!M
MS
� DGc!M

573 ¼ 7040� ð�221Þ ¼ 7261 J mol�1

The above values confirm that the transformation of aus-

tenite to martensite is only feasible, if the energy difference

between DGc?M at Ms and test temperature is supplied by

mechanical energy. The required mechanical energy for

formation of martensite at 298 K is 6395 J mol-1, whereas

the mechanical energy through 70 and 40% compression are

6570 and 1520 J mol-1, respectively. Thus, based on the

thermodynamic calculations, it is expected that induced

martensite appears only at heavy (70%) deformed steel at

room temperature. On the other hand, the applied

mechanical energy during 40 and 70% compression process

is lower than the required mechanical energy for martensite

formation at 573 K (7261 J mol-1), which means that the

formation of induced martensite is not possible. It should be

noted that carbon distribution in the austenite phase is

assumed to be uniform. However, the carbon may distribute

heterogeneously, usually the austenite phase in the interlath

has a higher carbon content than the other region which in

turn the martensitic transformation appears firstly in the

lower carbon enriches austenite [20].

Experimental results

Figure 2 illustrates the microstructure and the XRD dif-

fraction of the as-received sample. It can be seen (Fig. 2a)
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that the microstructure of the as-received sample consists

of acicular bainitic ferrite and thin film retained austenite.

It is known that the reduction of austempering temperature

leads to enhancement of the carbon content of austenite.

Thus, austempering at relative low temperature (330 �C)

results in the formation of carbon-enriched austenite [21].

On the other hand, reduction of austempering temperature

increases the driving force of bainitic transformation. So,

austempering at lower temperature persuades formation of

acicular bainitic ferrite and increases hardness of steel.

Also, Fig. 2b shows that the initial sample consists of

ferritic bainite and retained austenite in which their volu-

metric fractions are 83 and 17%, respectively.

SEM micrograph of samples after deformation at 298

and 573 K are presented in Fig. 3. It can be seen that the

shear component of the applied stress resulted in formation

oriented microstructures. As it is expected, the oriented

structure enhanced by increasing the temperature, due to

easier glide of dislocations at higher temperature. In order

to study the microstructure evolution and determining the

misorientation of grain boundary, the EBSD micrograph of

the 70% deformed samples (at both temperatures) was used

(Fig. 4). It can be seen that the heavy deformed steel at

573, the size of bainitic ferrite blocks reduces from about

50 lm to 500 nm. The mentioned phenomenon resulted

from the formation of fine grains with high-angle grain

boundaries (grain-refinement mechanism).

However, in some blocks partial of low-angle bound-

aries does not transform to high-angle boundaries and

needs more mechanical energy for formation of fine grains.

Also, the grain size decreases by increasing the test tem-

perature. On the other hand, since dislocations sliding are

easier at higher temperature and the active sliding systems

increase by temperature at the bainitic ferrite structure, the

micrographs of the deformed sample at 573 K are finer

than similar sample at 298 K.

XRD pattern of the deformed samples is shown in

Fig. 5. It is derived that the {220} pick of austenite had

removed after 70% compression at room temperature. This

phenomenon could be attributed to the transformation of

retained austenite to martensite, during severe plastic

deformation of the steel, which is in agreement with ther-

modynamic calculations. However, as the thermodynamic

model predicts, the induced martensite does not form after

40% deformation at room temperature and the austenite

pick is visible. Further, according to the thermodynamic

model, the applied mechanical energy at 573 K (for both

40 and 70% deformed steels) is not enough for the aus-

tenite to martensite transformation and the austenite pick

remains unchanged after deformation.

Fig. 2 a SEM micrograph and

b XRD pattern of the

as-received specimen

Fig. 3 SEM micrograph of

70% deformed samples at

a 573 K and b 298 K
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Summary and conclusions

In this paper, the effect of single pressure on the

microstructural evolution of a high Si bainitic steel was

studied. It was found that the applied mechanical energy

through deformation (40 and 70%), at 573 K, is not

enough for the austenite to martensite transformation.

Thus, it is expected that austenite dose not transform to

martensite during deformation at 573 K, which is in

agreement with XRD pattern of the sample. However, as

it is predicted by thermodynamic model, induced mar-

tensite appears during 70% deformation at room tem-

perature and the XRD pattern of the sample shows the

decrease in the austenite pick. On the other hand, 70%

compression resulted in formation of fine grains with

high-angle grain boundaries which conforms grain-refine-

ment phenomena.
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