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ABSTRACT
Anisotropic strain is observed during phase transformation even though no external stress is
applied when band structure is formed. The anisotropic strain can result in a change in shape
and dimension or residual stress after heat treatment process and thus it achieved much atten-
tion. In this paper, three steel grades with different carbon content were prepared to explore the
effect of carbonamount and resultingpearlite band thickness aswell as heat treatment condition
on anisotropic dilatation behaviour during phase transformation. Steel grades containing 0.05
and 0.15wt-% carbon exhibit a pronounced anisotropy during reverse transformation, whereas
0.44wt-% carbon shows more isotropic transformation strain. During cooling, transformation
strain is anisotropic but less pronounced than that during heating.
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Introduction

During phase transformation of steels, transformation
strain occurs as a consequence of volume change in
conjunction with the lattice reconstruction. Transfor-
mations from bcc to fcc lattice or vice versa ideally
result in an isotropic strain as both lattice structures
are cubic. In the real heat treatment process, however,
an anisotropic strain during phase transformation is
sometimes observed.

One of the agents that causes anisotropic strain is
band structure, a laminated microstructure of segrega-
tion band. Kop et al. [1] investigated steels with and
without band structure revealing anisotropic transfor-
mation strain during cooling was found only in the
band structured specimen due to the difference of
transformation dilatation between layers yielding strain
accommodation that is anisotropic. Wei et al. [2] stud-
ied the anisotropic transformation strain in forged D2
tool steel. Thismechanismwas put forward by Jaramillo
et al. [3,4] to the cyclic heat treatment and dimen-
sional change in the specimen was found. Another
attempt was made on the quenching process of thick
plates by Siwecki et al. [5]. It claims that the same
mechanism is invoked during quenching resulting in
anisotropic transformation expansion behaviour. More
recently, anisotropic dilatation during phase transfor-
mation was associated with the carbide size and char-
acteristics [6]. Together with the texture effect [7,8], the

microstructural directionality is of great interest as it
affects the products’ shape and dimension as well as
the residual stress and eventual mechanical properties
[9–12].

These prominentworks covermany topics of interest
but little have been made on the investigation of effect
of chemical composition and heat treatment condition
(i.e. heating rate, cooling rate, heating temperature etc.)
on the anisotropic transformation strain.

In this study, three types of carbon manganese steels
with different carbon contents will be investigated to
reveal the effect of chemical composition and heat treat-
ment condition on the anisotropic dilatation during
phase transformation.

Experimental conditions

Three steel grades containing chemical composition
shown in Table 1 are cast into 95mm thick ingots and
then hot rolled to 15mm. Cylinder shaped specimens
having 3mm diameter and 10mm length for dilatom-
etry tests are taken from the hot rolled sheets whose
longitudinal direction is parallel to normal direction
(hereafter denoted as ‘Normal’), to rolling direction
(‘Rolling’) and to transverse direction (‘Transversal’).
The specimens have an incomplete hole of 2.6mm bore
and 4mmdepth from the bottom surface to allowmea-
suring temperature by welded thermocouples. As the
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Table 1. Chemical composition of three carbon manganese
steel grades (wt-%).

Steel grade C Si Mn P S

CMn1 0.05 0.013 0.98 < 0.002 0.0014
CMn2 0.15 0.016 0.98 < 0.002 0.0016
CMn3 0.44 0.017 0.97 < 0.002 0.0016

bottom surface of the specimen is fixed, the displace-
ment of the top surface represents the elongation during
thermal processing, which ismeasured by aMagnescale
transducer through a rod made from fused quartz. The
rod weighs 0.21 g and thus this does not cause trans-
formation plasticity at any temperature range in this
study.

These specimens are heated up to 900°C using
induction heating. Here, two constant heating rates
from ambient temperature to 900°C are adopted,
namely 1 and 10°C s−1. At this temperature, isother-
mal holding is carried out for 300 s which is followed
by either slow cooling (0.33°C s−1) by natural cooling
or quenching (40°C s−1) by He gas cooling. During the
procedure, temperature is controlled under practically

no loading condition (as discussed above) when strain
derived from thermal and transformation dilation is
measured.

Results and discussions

Microstructure

Normal, Rolling and Transversal cross sections of
hot-rolled sheet samples are etched in nital solu-
tion to reveal ferrite boundaries and pearlite fraction;
their optical microscopy images are demonstrated in
Figure 1.

These figures obviously exhibit pearlite bands which
are spreading as thin layers perpendicular to thickness
direction. Steel gradeCMn2 shows clearer pearlite band
thanCMn1 reflecting the rich carbon content in CMn2.
0.44% amount of carbon content in CMn3 results in
excessive pearlite formation that yields hardly visible
band structure. For CMn1 steel grade, about four ferrite
grains can be observed in between two pearlite bands,
whereas for CMn2 about two ferrite grains exist in
between pearlite bands. For CMn3, ferrite grains are

(a) (b) (c)

(d)

(g)

(e) (f)

(h) (i)

Figure 1. Optical microscope image of microstructure of each steel grade before heat treatment.



observed along the prior austenite grain boundary and
quite thin ferrite bands can be seen.

Temperature–strain curves

Strain is calculated by simply divide the elongation by
the initial length of the specimen. Strain changes as a
result of temperature evolution and phase transforma-
tion. Thus, the strain should contain the thermal strain
as well as the transformation strain because practically
no load is applied during the heat treatment process.
Obtained strain results for each steel grade and each
direction under the heat treatment condition of heating
rate 1°C s−1 and cooling rate 0.33°C s−1 are depicted in
Figure 2.

The Ac1 and Ac3 temperatures for each steel grade
are: 710 and 870°C for CMn1, 715 and 840°C for CMn2
and 700 and 775°C for CMn3, while the Ar1 and Ar3
temperatures for each steel grade are: 630 and 820°C for
CMn1, 620 and 760°C for CMn2 and 635 and 715°C for
CMn3, respectively. Thus, in this case, the carbon con-
tent affect mainly on Ac3 and Ar3 temperatures. It can
also be seen that the transformation strain in normal
direction decreases significantly during α → γ phase
transformation in CMn1 and CMn2 steel grades. This
can be explained by the heterogeneity of phase transfor-
mation between ferrite and pearlite bands. The pearlite
band initiates austenite phase transformation at rela-
tively lower temperature than ferrite band. In this case,
volume shrinkage in pearlite band occurs whereas fer-
rite volume remains same and this causes the strain
incompatibility between ferrite and pearlite bands. In
ferrite band, compressive stress in rolling and transver-
sal direction is applied accommodating the volume
shrinkage of pearlite band. In contrast, tensile stress in
rolling and transversal direction is applied in pearlite
band as the ferrite band volume does not change in
this stage. During phase transformation, when stress is
applied, even if it is lower than yield stress, significant
plastic deformation occurs, which is called transfor-
mation plasticity [13–16]. Strictly speaking, the phe-
nomenon of the present study is not transformation
plasticity as no external stress is applied. However, if
we focus on a ferrite or pearlite layer, the anisotropic
transformation strain is caused by constraint of other
layers and resultant plastic strain. This constraint can be
considered as the external stress for the single layer and
thus the similar mechanism to transformation plastic-
ity is invoked. To take this effect into consideration, the
transforming pearlite band is likely to deformaccording
to the applied stress. This causes the additional tensile
strain in the pearlite layer in both rolling and transver-
sal direction resulting in compressive strain in normal
direction because of the incompressibility of plastic
deformation. By contrast to CMn1 and CMn2, CMn3
steel grade does not exhibit obvious anisotropy dur-
ing austenite phase transformation. This is because the

Figure 2. Temperature strain curves of each steel grade dur-
ing heat treating. (case of heating rate = 1°C s−1 and cooling
rate = 0.33°C s−1)

initial microstructure is more homogeneous than those
of CMn1 andCMn2 and the plastic deformation caused
by pearlite decomposition is randomly occurred.

For a quantitative investigation of anisotropic dilata-
tion during phase transformation, thermal strain is
removed from the total strain during heating and cool-
ing. Thermal strain can be calculated by an extrap-
olation of austenite or ferrite/pearlite curves. Then,
volume fraction of daughter phase and transforma-
tion strain can be estimated using lever rule. Here,
we define a total transformation strain as a strain dif-
ference between γ and α phases at 50% transformed
temperature under a given heating/cooling condition



(transformation strain is a dependent on temperature
as the linear thermal expansion coefficients of γ and
α phases are different). With this method, evolution
of transformation strain of CMn1 during heating at
the heating rate of 1°C s−1 is depicted in Figure 3(a).

Figure 3. Comparison of transformation strain for each direc-
tion during cooling.

While, transformation strains of CMn1 during cool-
ing at the cooling rates of 0.33 and 40°C s−1 are
shown in Figure 3(b,c), respectively. For CMn3, trans-
formation strain during cooling at the cooling rate of
40°C s−1 is shown in Figure 3(d). Anisotropic trans-
formation strain is more apparent by extracting ther-
mal strain as demonstrated in Figure 3. An apparent
anisotropy is found in CMn1 when transformation tak-
ing place during heating. An anisotropic transforma-
tion strain also manifests during phase transformation
under 0.33°C s−1 cooling rate in CMn1 – Figure 3 (b).
This result agrees qualitatively with the previous works
[1]. This is to be contrasted to the behaviour if the
cooling rate is 40°C s−1, an isotropic transformation
strain is found under high cooling rate. This may be
caused by relatively homogeneous phase transforma-
tion achieved by high cooling rate because diffusion
of alloying elements during phase transformation is
more restricted. Indeed, the transformation strain in
CMn3 under 40°C s−1 cooling rate is also confirmed
to be isotropic even though partially martensite phase
transformation occurs. This implies that the anisotropy
effect during cooling should be determined accord-
ing to the heating temperature and holding time as
higher temperature and more holding time result in
homogenisation of alloying elements.

A comprehensive result of total transformation
strain for each sense is summarised in Table 2 for heat-
ing and in Table 3 for cooling as well as in Figure 4 (for
Table 3 and Figure 4, the initial heating rate is 1°C s−1

for all cooling conditions).
The previous consequences can be also drawn

from these results; CMn1 and CMn2 exhibit most
pronounced anisotropic transformation strain during
heating while CMn3 shows isotropic.

Table 3. Anisotropic total transformation at 50% trans-
formed temperature strain observed during γ → α phase
transformation.

Transformation type: γ → α

Heating rate = 1°C s−1

Cooling rate = 0.33°C s−1 Cooling rate = 40°C s−1

Steel
grade Normal Rolling Transversal Normal Rolling Transversal

CMn1 0.00458 0.00345 0.00357 0.00515 0.00514 0.00536
CMn2 0.00440 0.00360 0.00366 0.00510 0.00493 0.00503
CMn3 0.00368 0.00305 0.00305 0.00824 0.00800 0.00770

Table 2. Anisotropic total transformation strain at 50% transformed temperature observed during α → γ phase transformation.

Transformation type: α → γ

Heating rate = 1°C s−1 Heating rate = 10°C s−1

Steel grade Normal Rolling Transversal Normal Rolling Transversal

CMn1 −0.00697 −0.00381 −0.00426 −0.00646 −0.00356 −0.00386
CMn2 −0.00577 −0.00356 −0.00431 −0.00671 −0.00342 −0.00309
CMn3 −0.00329 −0.00372 −0.00380 −0.00449 −0.00378 −0.00389



Figure 4. Comparison of transformation strain for each direc-
tion during heating (a, b) and cooling (c, d).

In contrast to the results by heating shown in Table 2
and Figure 4(a,b), anisotropy by cooling does not man-
ifest an apparent effect of chemical composition as

indicated in Table 3 and Figure 4(c,d). The steel grade
CMn3 shows larger transformation volume expansion
during cooling at the cooling rate of 40°C s−1 than
that of 0.33°C s−1. This indicates the formation of the
martensite phase which can be also deduced from
Figure 3.

As CMn2 has an equivalent carbon and manganese
contents with those found in the previous work [1],
anisotropy during slow cooling is now compared quan-
titatively. In this reference, total transformation strain
in normal direction was 0.0050 and in longitudinal
(rolling) direction was 0.0029, whereas the values are
found to be, respectively, 0.0044 and 0.0036 in this
study. Thus a slight weak anisotropy is found in this
study. The transformation temperature for both cases
is similar but the distance between pearlite bands is
reported about 20 μm in reference while about 25 μm in
this study. This differencemay be attributed to the cool-
ing rate during casting that imposes segregation and
rolling reduction ratio which decides distance between
pearlite bands. The fact infers that the anisotropic
behaviour, especially one takes a quantitative approach,
is a complicated nature which is not identical even
though similar chemical composition and similar heat
treatment is adopted.

Conclusion

Three carbon manganese steel grades having differ-
ent carbon content have been employed to identify
the effect of carbon content (CMn1:0.05, CMn2:0.15,
CMn3:0.44wt-%) on anisotropic dilatation during
phase transformation. The pearlite band structure is
found in CMn1 and CMn2 which results in a signifi-
cant anisotropy in transformation strain during phase
transformation. Increase of carbon content as well as
acceleration of cooling rate (0.33°C s−1 to 40°C s−1 for
γ → α phase transformation) can reduce anisotropy
effect due to more homogeneous phase transforma-
tion which is assumed to attributes the transformation
timing between band structures.
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