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Transformation Plasticity in Boron-Bearing Low Carbon Steel
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The transformation plasticity (TP), which indicates that permanent strain remains after solid-solid phase
transformation, even under much smaller stress than the yield stress, has been described by a vacancy diffusion
mechanism in the migrating interface during diffusional phase transformation. In this study, the influence
of boron (B) addition on the TP of low carbon high strength steel was investigated through the observation of
the B segregation in the phase interface between primary austenite phase and ferrite phase using secondary ion
mass spectroscopy. The B segregation at the austenite-ferrite phase interface was confirmed to cause drastic
decrease of the TP strain by comparison of the dilatation behavior of B-bearing and B-free steels under a
tensile force during slow cooling, where the diffusional phase transformation occurs in B-bearing steel.
Furthermore, it was also confirmed that the velocity of B diffusion is larger than the migration velocity of
interface at the given temperature through a calculation based on Fick’s law.
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1. INTRODUCTION

The hot stamping technique has been highlighted as a
breakthrough method to achieve both high strength and exten-
sive formability, while also solving the springback problem of
advanced high-strength steels (AHSSs) [1-6]. This method
employs the high-temperature formation of an austenitic phase,
followed by rapid cooling, which enables the austenitic phase
to transform into a much harder martensitic phase. To produce
a martensitic microstructure after hot stamping, steels with
sufficient hardenability are required. Since the addition of a
small amount of boron (B) remarkably increases the harden-
ability of low carbon, low alloy steels [7-10], B-bearing low car-
bon steels have been developed for hot stamping purposes.

The segregation of B atoms to austenite grain boundaries
is known to reduce the grain boundary energy, thus causing
retardation of the austenite-to-ferrite transformation [11,12].
In actual mill processes, however, the retardation of phase
transformation induces incomplete phase transformation prior
to coiling, resulting in asymmetric contraction during the cool-
ing phase after coiling of the hot-rolled steel, which is a sig-
nificant defect [13]. The asymmetric contraction of the hot
coil is mainly caused by the transformation plasticity (TP),

which indicates that permanent strain remains after the solid-
solid phase transformation, even under much smaller stress
than the yield stress [14,15]. Therefore, gaining an understand-
ing of the TP behavior in B-bearing steel is very important to
control the shape change of the hot coil.

Explanations of TP can be classified into three main groups
according to their mechanisms: (1) weaker phase yielding
[16], (2) favorable variant selection [15,17], and (3) acceler-
ated diffusion on the migrating transformation interface [18].
The first of these explains macroscopically observed plas-
ticity induced by volume mismatch between the hard phase
and soft phase, which produces microscopic plasticity in the
weaker phase [16]. The second important mechanism takes into
account the anisotropy of the transformation strain during dis-
placive transformation. Some of the authors suggested that
the anisotropic transformation strain, based on the selectivity
of some specific variants, increased due to the externally applied
stress during the martensitic transformation [15,17,19]. Another
microstructural theory for transformation strain is based on
the diffusion mechanism of the migrating interface during
diffusional phase transformation, which can be described as
an accelerated Coble creep. Some researchers also derived a
constitutive equation for TP as a thermally activated form by
considering the atomic flux along the phase interface [18,20,21].
The asymmetric contraction in B-bearing low carbon steels
might be closely related to the diffusion mechanism of the
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migrating interface during the diffusional phase transforma-
tion. Though TP has been also called transformation induced
plasticity (TRIP) in a lot of papers [15,18,19,22,23], TRIP has
been frequently used as the concept of deformation induced
martensitic transformation (DIMT) in literature [23,24]. In
many cases, the austenitic steel with high strength-ductility
balance based on DIMT is called TRIP steel [23-26]. There-
fore, in this manuscript, the permanent strain during the solid-
solid phase transformation is designated as TP for clear mean-
ing.

In the present study, therefore, the influence of B addition
to low carbon steel on the TP was investigated by observation
of the B segregation in the phase interface using secondary
ion mass spectroscopy (SIMS). The TP strain was measured
by a tensile test under a constant load during sufficient slow
cooling, where the diffusional phase transformation of B-bear-
ing steel can occur. By comparison of the TP strains of B-bear-
ing and B-free steels, the influence of B addition on the TP
was quantitatively analyzed based on the constitutive equa-
tion for TP. 

2. EXPERIMENTAL PROCEDURES

Two kinds of low-carbon steels (B-bearing and B-free steels)
were used in the experiments, which contained almost the
same chemical compositions except for B, as listed in Table 1.
To determine the phase transformation kinetics of the steels
during cooling, rectangular dilatometric specimens were pre-
pared with the width of 3 mm, thickness of 3 mm and length
of 10 mm. The dilatometric experiments were performed using
a transformation dilatometer (Theta, Dilatronic III), which
can control the specimen temperature with an induction heating/
Ar blowing system. The dilatometric data were obtained with
a linear variable displacement transducer (LVDT). The speci-
mens were austenitised at 900 °C for 10 min under vacuum
conditions, and then cooled down to room temperature at the
rates of 0.015, 0.03, 0.1 and 0.3 °C/sec. These cooling rates
were chosen as being sufficiently slow, whereat the asym-
metric contraction of hot coil can occur due to TP [13].

To measure the TP strain for the same cooling rates, a uni-
axial tensile tester (Instron 2416) equipped with a high tem-
perature furnace was utilized under the constant stress condition
of 30 MPa. To supply the uniaxial tensile load to cylindrical
specimens with a diameter of 4 mm and gauge length of 25 mm,
the weight of 38.5 kg was employed. The temperature of the
furnace was precisely controllable to achieve the slow cooling
rates. The TP strain was determined from the length change

between the initial and final specimens after cooling.
The B distribution and segregation patterns were determined

with the aid of nano-SIMS (Nano-SIMS 50, CAMECA), which
is known to be an effective technique for providing a more
quantitative understanding of the B distribution in steel [27].
Nano-SIMS measurements were carried out using a Cs+ beam
with an impact energy of 16 keV [28]. An ion probe with 0.4
pA was sputtered over a square area of 60 by 60 μm, and the
negatively charged secondary ions emitted from the surface
were used to obtain mass-resolved ion images. When analyzing
the B distribution, the 11B16O2 signal on mass 43, which is the
strongest B channel, was recorded. To clarify the distribution
of B and C, the SIMS images were compared with the opti-
cal microscope images obtained at the same regions. 

3. RESULTS AND DISCUSSION

Figure 1 shows the experimental dilatometric curves of B-
bearing and B-free steels measured during cooling from
900 °C at several slow cooling rates, where the asymmetric
contraction of hot coil can occur due to TP [13]. It was con-
firmed that the transformation kinetics clearly slowed down
with increasing cooling rate. In addition, the continuous cool-
ing transformation behavior of B-bearing steel (closed symbol)
indicates that the start of transformation was further depressed
in comparison with the B-free steel (open symbol). The retarda-
tion effect of B on the austenite-to-ferrite transformation is
known to be caused by the segregation of B along the aus-

Table 1. Chemical composition of the investigated steels (wt%)

Steels
Alloying elements

C Si Mn Ti N B
B-free 0.227 0.26 1.21 0.04 0.0030 -

B-bearing 0.222 0.26 1.21 0.04 0.0047 0.0025

Fig. 1. Phase transformation kinetics of B-free and B-bearing steels
under various cooling rates. Open and closed symbols indicate B-free
and B-bearing steels, respectively. 
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tenite grain boundaries [11,12]. It should be noted that the
overall transformation temperature in B-bearing steel was
clearly lower than that in B-free steel at the cooling rates tested.
The experimental kinetics data in Fig. 1 were used for the
later calculation of the TP strain. 

In order to investigate the effect of B on the TP, the TP
strains were measured at the same cooling rates under the
constant stress condition of 30 MPa. The TP strains for B-free
and B-bearing steels were presented in Fig. 2 as open and
close symbols, respectively. The TP strain of B-free steel was
found to be much higher than that of the B-bearing steel under
the given cooling rates. In both steels, TP strain was increased
with decreasing cooling rate. The cooling rate effect on TP
strain can be understood by examining the difference of the
transformation temperature, which may be described by the
thermally activated TP model considering atomic flux along
the phase interface [18]. The diffusion-controlled TP strain rate

 under externally applied stress was derived as follows: 

(1)

where d0, δ, and Ω represent the initial grain size of the par-
ent phase, the effective thickness of the interface and the
volume of the vacancy, respectively. The Boltzmann con-
stant, kB, has a value of 1.38×10-23 J/K. cv0 is a dimensionless
constant determined by the change in thermal entropy asso-
ciated with the formation of vacancies, while Qf is the formation
enthalpy of the vacancy at the phase interface. σ and  indi-
cate the applied stress and transformation rate, respectively.
The initial grain size of the austenite phase was found to be
30m for both steels. The parameters in Eq. (1) of the vacancy
volume () and the effective thickness of the interface ()
were 1.21×10-29 m3 [29] and 1 nm, respectively. The formation

enthalpy of the vacancy at the austenite and ferrite interface
(Qf) in conventional low carbon steels was reported to be
80 kJ/mol [18]. 

The value of cv0 for the B-free steel was adjusted using the
constrained Rosenbrock technique [30] as an optimization
procedure, which was performed while systematically chang-
ing the constants until the sum of the squared differences
between the experimental and calculated data reached a min-
imum. The black solid line in Fig. 2 indicates the TP strains
of B-free steel at the various cooling rates calculated by the
time integration of Eq. (1). The calculated results revealed
decrease of the transformation temperature with increasing
cooling rate, thus leading to a gradual decrease of the TP strain.
This phenomenon reflects the thermally activated character-
istics of TP, and Eq. (1) successfully described the thermally
activated behavior of TP strain. However, the TP strains (red
dotted line) for B-bearing steel, which were calculated based
on the same cv0 value as B-free steel, were much higher than
the experimental data. Though the transformation tempera-
ture of B-bearing steel is lower than that of B-free steel, as
shown in Fig. 1, and smaller TP strain can be expected due
to B-bearing, a considerable difference between the calcu-
lated and measured data was observed. Because cv0 in Eq. (1)
indicates the change in thermal entropy associated with the
formation of vacancies, it can be determined that there was a
smaller value of cv0 in B-bearing steel due to the reduction of
the grain boundary energy or phase interface energy caused
by the segregation of B atoms to the austenite grain bound-
ary or phase interface during the slow cooling. The red solid
line in Fig. 2 indicates the TP strains for B-bearing steel opti-
mized by the time integration of Eq. (1). The cv0 value for
B-bearing steel was determined to be much smaller com-
pared with the B-free steel, while the calculated TP strains
also successfully described the thermally activated behavior.

To verify the smaller value of cv0 in the B-bearing steel, the
B segregation at the phase interface, as well as the austenite
grain boundary, should be observed during cooling. In this
study, the B distribution during cooling was investigated with
the aid of nano-SIMS. Figures 3(a) to (c) show the optical
micrograph, the secondary 12C- ion map, and the secondary
11B+ ion map, respectively, for the B-bearing steel quenched
from 900 °C. Within an individual SIMS image, the level of
brightness is proportional to the number of counts per one
pixel in the image, thus the relative comparison of 11B+ and
12C- ion in steel could be conducted. The microstructure was
determined to be in the martensite phase, and the carbon was
well distributed throughout the whole specimen. From Fig.
3(c), it could be confirmed that the B was mostly segregated
at the primary austenite grain boundary. Therefore, it could
easily be understood that the segregation of B retards the
austenite-to-ferrite phase transformation, as shown in Fig. 1.

Figures 3(d) to (f) show the optical micrograph, the sec-
ondary 12C- ion map, and the secondary 11B+ ion map, respec-
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Fig. 2. Measured transformation plasticity (TP) strain ɛTP (symbols)
under various cooling rates and calculated ɛTP (lines) values based on
Eq. (1). Open and closed symbols indicate B-free and B-bearing steels,
respectively. 
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tively, for the B-bearing steel, which was cooled at 0.3 °C/sec
from 900 °C to 680 °C and then quenched to room tempera-
ture. The ferrite fraction was almost 50%, which is accordance
with the dilatometric analysis in Fig. 1. Because the martensite
phase in Fig. 3(d) was the remaining austenite phase at 680 °C,
the carbon content in the martensite was much higher than
that in the transformed ferrite, as shown in Fig. 3(e). From
the optical micrograph and the carbon distribution shown in
Figs. 3(c) and (d), the phase interface between primary austenite
and ferrite could be identified. After identification of the
phase interface, the B segregation at the phase interface, as
well as the austenite grain boundary, could be confirmed, as
shown in Fig. 3(f).

To clarify the possibility of segregation of B at the phase
interface, the velocity of B diffusion was calculated at various
temperatures of 600, 700 and 800 °C, which cover over a
range of phase transformation temperatures, and compared with
the migration velocity of the phase interface during phase
transformation. The concentration change of B solute from the
grain boundary of primary austenite over time was described
under the isothermal condition by Fick’s law as follows [31]:

(2)

where t, D, and M are the time for diffusion, the diffusion
coefficient of B in austenite, and the amount of solute which
made the total concentration of 1, respectively. x indicates the
diffusion distance from the grain boundary. The formula
for D can be expressed as follows [32]:

(3)
 

where R is the universal gas constant, 8.3144 JK-1mol-1, and
T is the absolute temperature. By tracking the position of
70% of the B concentration for a given temperature and dif-
ferentiating the position with respect to time, the velocity of B
diffusion could be obtained, as shown in Fig. 4.

As for the migration velocity of the phase interface during
phase transformation, the spherical geometry was used as a sin-
gle austenite grain undergoing the diffusional phase transforma-
tion. It was assumed that the transformation started at the austenite
grain boundary, which had the initial grain size of d0, and that
the new ferrite phase grew to the center of the austenite phase.
The relationship between the grain diameter and the trans-
formed ferrite fraction, X, can then be expressed as [18]:

(4)C
M
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Fig. 3. Optical micrographs, carbon ion (12C-) micrographs and boron ion (11B+) micrographs of B-bearing steel obtained in the same region for
the cooling rates of (a, b, and c) 40 °C/s and (d, e and f) 0.3 °C/s, respectively. F and M in (d), (e), and (f) indicate ferrite and martensite, respec-
tively. The source used for analysis of the carbon and boron distribution was Cs+ at the impact energy of 16 keV.
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where dp is the diameter of the parent austenite phase during
the transformation. The migration velocity of the interface,
v, can be expressed as [18]:

(5)

where the dot indicates the time derivative. Finally, the migra-
tion velocity of the interface could be obtained, as shown in
Fig. 4. The velocity of B diffusion was found to be about
1-2 orders of magnitude larger than the migration velocity
of the interface during phase transformation. This confirmed
that the segregation of B at the phase interface can occur
during phase transformation under the given cooling condi-
tions.

A considerable amount of experimental and theoretical
work has already been carried out on the segregation of B
atoms at the grain boundary or moving grain boundary in
metals and alloys. In particular, it was previously reported that
strong interactions exist between the B atoms and vacancies
[33-35]. Because a number of vacancies exist in the grain
boundary or the phase interface and B has a tendency to remain
there for appreciable periods of time [36], the probability of
B segregation occurring at the interface will obviously increase,
as shown in Figs. 3 and 4. Therefore, B segregation occupy-
ing the vacancies at the interface could lead to reduction of
the thermal entropy associated with vacancies. This causes
the value of cv0 in Eq. (1) to decrease. As a result, the TP of
B-bearing steel is decreased compared with B-free steel,
which seemed to match well with the experimental results
shown in Fig. 2. 

4. CONCLUSIONS

In the present study, the transformation plasticity (TP) of

B-bearing and B-free steels was investigated. From the dilato-
metric analysis, it was confirmed that the phase transforma-
tion of B-bearing steel was retarded comparing with B-free
steel, which was in good agreement with many previously
reported observations. From analysis of the B distribution
through nano-SIMS, the segregation of B at the phase interface
between the primary austenite and ferrite phase was detected.
Furthermore, calculation of the velocity of B diffusion and
the migration velocity of interface confirmed that the segrega-
tion of B at the phase interface could sufficiently occur under
the given cooling conditions. 

Finally, the TP strains, which were measured by a tensile
test under a constant load, could be described well by the
thermally activated TP model with consideration of atomic
flux along the phase interface. The measured transformation
plasticity (TP) strain of B-bearing steel was considerably
lowered than that of B-free steel. This can be understood by
considering the segregation of B at the phase interface, which
caused decrease of the thermal entropy associated with the
formation of vacancies at the interface. 
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