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PÄR GÖRAN JÖNSSON, and KEIJI NAKAJIMA

The dynamics of intragranular ferrite (IGF) formation in inclusion engineered steels with either
Ti2O3 or TiN addition were investigated using in situ high temperature confocal laser scanning
microscopy. Furthermore, the chemical composition of the inclusions and the final
microstructure after continuous cooling transformation was investigated using electron probe
microanalysis and electron backscatter diffraction, respectively. It was found that there is a
significant effect of the chemical composition of the inclusions, the cooling rate, and the prior
austenite grain size on the phase fractions and the starting temperatures of IGF and grain
boundary ferrite (GBF). The fraction of IGF is larger in the steel with Ti2O3 addition compared
to the steel with TiN addition after the same thermal cycle has been imposed. The reason for this
difference is the higher potency of the TiOx phase as nucleation sites for IGF formation
compared to the TiN phase, which was supported by calculations using classical nucleation
theory. The IGF fraction increases with increasing prior austenite grain size, while the fraction
of IGF in both steels was the highest for the intermediate cooling rate of 70 �C/min, since
competing phase transformations were avoided, the structure of the IGF was though refined
with increasing cooling rate. Finally, regarding the starting temperatures of IGF and GBF, they
decrease with increasing cooling rate and the starting temperature of GBF decreases with
increasing grain size, while the starting temperature of IGF remains constant irrespective of
grain size.
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I. INTRODUCTION

NON-METALLIC inclusions in steels are generally
considered to be detrimental for the mechanical prop-
erties. However, certain non-metallic inclusions, such as
Ti-oxide and TiN, are recognized to serve as potent
nucleation sites for the formation of intragranular ferrite
(IGF) in low-alloy steels. This preferential formation of
IGF, a desirable microstructure, reduces the amount of
grain boundary ferrite (GBF) and, hence, improves the
toughness of the steel. There are two concepts associated
with this principle. Firstly, ‘‘oxide metallurgy’’[1]

describes the utilization of fine oxide inclusions to

improve the final steel product quality. Secondly,
‘‘inclusion engineering’’ utilizes the same phenomenon
but herein all kinds of inclusions, including nitrides,
oxides, and sulfides, are considered.[2] In order to apply
the concept of inclusion engineering for the microstruc-
ture control, a specially designed master alloy contain-
ing fine inclusions[3] have been suggested to be added
into the steel. Moreover, different additives with metallic
Ti and TiO2 powders,

[4] Ti2O3 and TiN powders[5,6] have
been added into the liquid steel directly to control the
microstructure of the steels.
To fully benefit from oxide metallurgy and inclusion

engineering, it is necessary to have a detailed knowledge
of the inclusion characteristics as well as the dynamic
phase transformation behavior during the austenite
decomposition process. In situ confocal laser scanning
microscope (CLSM) is capable of such measurements
and it can be utilized for real-time dynamic observations
of IGF and GBF formation. CLSM has been frequently
used to study the formation of IGF from various
inclusions such as MnAl2O4,

[7] Ce-containing,[8]

Mg-containing,[9] Al2O3+MnS+TiN,[10] and Ti-
rich[11,12] inclusions. Kikuchi et al. have studied the
austenite grain growth and austenite decomposition in
low-carbon high-manganese steels deoxidized by Ti or
Al.[13] In particular, the effect of the prior austenite grain
size on the area fraction of IGF, the starting temper-
atures of IGF (TIGF,s) and GBF (TGBF,s) formation and
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ferrite formation in rapidly cooled weld metal have been
successfully studied by CLSM.[11,12,14] However, CLSM
can provide only part of the necessary information and
complementary experimental information is required.
Electron backscatter diffraction (EBSD) has been fre-
quently used to investigate the final microstructural
characteristics,[15–18] and there are a few reports where
EBSD has been combined with CLSM to investigate
austenite decomposition in steels. For instance using this
approach, Wan et al.[10] investigated the formation of
acicular ferrite and bainite in a simulated coarse-grained
heat-affected zone and Phelan and coworkers investi-
gated the formation of Widmanstätten ferrite in a
low-carbon steel grade.[19,20]

There are, though, few quantitative dynamic studies
of IGF formation where the effect of the composition
of the inclusions and the cooling rate on the final
microstructure, including the phase fractions, has been
comprehensively investigated. The purpose of the
present work is therefore to perform a study of the
formation of IGF and GBF in inclusion engineered
steels with Ti2O3 or TiN addition. The investigation
is performed using a combination of experimental
tools such as In situ CLSM, EBSD, and EPMA. The
effect of the inclusions on the formation of IGF and
GBF is elucidated, and the effect of the cooling rate
and the prior austenite grain size on the formation of
IGF and GBF is also discussed. Furthermore, the
experimental results are complemented by calculations
of thermodynamic driving forces and nucleation
barriers.

II. METHODOLOGY

A. Experimental Methods

The compositions of the investigated alloys are
presented in Table I, and for more details about the
alloy preparation, the reader is referred to Mu et al.[5,6]

From hereon, the steels with Ti2O3 and TiN addition are
called alloy A and B, respectively. The steel specimens
were prepared by cutting of small cylindrical pieces
ðU4:1mm� 1mm thickness) and subsequently polishing
one flat side using abrasive papers (80#, 220#, 800#, and
1200#) and finally by alumina suspension (1 lm).
Thereafter, the specimen was placed in a high-purity
alumina crucible U5:5mm O.D � U4:5mm I.D�ð
5mm heightÞ and mounted in the hot-stage CLSM
equipment. The details of the CLSM setup can be found
in References 21 through 24.

The specimen was heated to a temperature of 1673 K
(1400 �C) using a heating rate of 20 �C/min, and
thereafter directly cooled to a temperature of 673 K
(400 �C) without holding. The cooling rate from 1223 K

to 673 K (950 �C to 400 �C) was controlled to be
constant at 3.6 and 70 �C/min, and the third cooling
rate was in average 678 �C/min. These thermal cycles
are presented in Figure 1. In addition, to control the
prior austenite grain size, the specimens were also heated
up to temperatures of 1473 K, 1523 K, 1573 K, and
1673 K (1200 �C, 1250 �C, 1300 �C, and 1400 �C), and,
moreover, the holding time at 1673 K (1400 �C) was
varied from 0 to 5 and 10 minutes. The effect of the
holding conditions on the grain size is shown in
Figure 2.
Pure Ar gas (purity> 99.9999 pct), further cleaned by

passing it through a heated Ti column at 773 K
(500 �C), was used as the furnace atmosphere. In
addition, a Ti-foil was wrapped around the upper part
of the alumina crucible to prevent oxidation of the
specimen surface. The temperature of the crucible and
the specimen surface was measured using PtRh30
pct-PtRh6 pct (type B) thermocouples, attached to the
bottom of the crucible and welded to the surface of the
specimen, respectively. The measured temperature

Table I. Chemical Compositions of Steels with Ti2O3 and TiN Additions (Mass Percent)

Sample C Si Mn Al Ti S N O Fe

Alloy A 0.223 0.24 1.02 0.002 0.013 0.009 0.017 0.0072 bal.
Alloy B 0.227 0.38 0.91 <0.002 0.008 0.009 0.029 0.0071 bal.

* Alloy A: steel sample with Ti2O3 addition; Alloy B: steel sample with TiN addition.

Fig. 2—Prior austenite grain size in alloy A and alloy B at different
holding temperatures.

Fig. 1—Thermal cycles employed in the present work.
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difference between these two positions was on average
13 K (13 �C) between 1023 K and 923 K (750 �C and
650 �C) for a cooling rate of 3.6 �C/min, 26 K (26 �C)
between 1023 K and 923 K (750 �C and 650 �C) for a
cooling rate of 70 �C/min, and 43 K (43 �C) between
873 K and 823 K (600 �C and 550 �C) for a cooling rate
of 678 �C/min. The measured temperature differences
show that small temperature gradients could exist in the
samples during rapid cooling, but this effect is deemed
small and the measured surface temperature is used
from hereon.

Selected CLSM micrographs and the commercial
image analysis software WinROOF� were used to
measure the fraction of IGF and GBF on a total area
of about 0.69 mm2 per sample. The prior austenite grain
size was also evaluated using WinROOF� and the grain
size was taken as an average value of 10 typical grains.
The reason for choosing only 10 grains was that only a
few complete grains were found in one section of the
specimen due to the coarse grain size in several of the
samples in the present work. The average grain size
estimated based on 10 grains was also compared to the
average value estimated from 20 grains when the grain
size was less than 468 lm, and the estimations were in
good agreement.

The chemical composition of the inclusions was mea-
sured using EPMA (JEOL JXA-8200 WD/ED). For
light-element analysis, i.e., O and N, WDS was used. The
concentration of each element was calibrated using
standard samples (Fe2O3, MnO, TiO2, AlN, Si, FeS2)
and a similar procedure as in Reference 25 prior analysis.
The microstructure was characterized using EBSD mea-
surements on the same specimens that were used for the In
situ observations, and the step sizes used were 0.8 and 0.1
lm. The EBSD detectors Nordlys Nano (Oxford Instru-
ments) and e-FLASH HR (Bruker) in a field emission
scanning electron microscope (FE-SEM) (JEOL
JSM-7800F) was used. The microscope was operated at
an acceleration voltage of 15 kV and the softwares HKL
Channel 5 (Oxford Instruments) and Quantax (Bruker)
were used during the EBSD analysis.

B. Calculation Methods

The relation between the normalized energy barrier
for IGF nucleation, DG�

het=DG
�
hom. and the inclusion size

can be expressed as in Eq. [1].[26] h represents the angle
between the surface of the inclusion and the ferrite
phase, as illustrated in Figure 3. cosh is calculated by
Eq. [2],[26] where rIa is the interfacial energy between the
inclusion and the ferrite phase, and where rIc is the
interfacial energy between the inclusion and the austen-
ite phase, whereas rca is the interfacial energy between
the austenite and the ferrite phases. Furthermore, u and
x are defined to simplify the expression of f(h,x) as
shown in Eqs. [3] and [4],[26] where R is the radius of the
inclusion phase, and r* is the critical radius of the IGF
phase. r* is calculated according to Eq. [5], where DGv is
the driving force for ferrite formation, which is here
calculated by Thermo-Calc.[27] and the TCFE7
database.[28]

fðh; xÞ ¼ DG�
het

�
DG�

hom ¼ 1

2
þ 1

2

1� x cos h
u

� �3

þ x3

2
2� 3

x� cos h
u

� �
þ x� cos h

u

� �3
 !

þ 3x2 cos h
2

x� cos h
u

� 1

� �

½1�

cos h ¼ ðrIc � rIaÞ=rca ½2�

u ¼ ð1þ x2 � 2x cos hÞ1=2 ½3�

x ¼ R=r� ¼ R=ð2rca=DGvÞ ½4�

r� ¼ 2rca=DGv: ½5�

The interfacial energy between the inclusion and the
austenite/ferrite phase constitute of both a chemical
interfacial energy and a misfit strain energy,[29–32] based
on Eqs. [6] and [7].

rIc ¼ rIc;c þ rIc;s ½6�

rIa ¼ rIa;c þ rIa;s ½7�

rIc,c and rIa,c are the chemical interfacial energy
between inclusion and austenite (c)/ferrite (a), whereas
rIc,s and rIa,s are the misfit strain energy between
inclusion and austenite (c)/ferrite (a). The values
reported by Yang et al.[33] were used for the chemical
interfacial energy between inclusion and austenite
(c)/ferrite (a), whereas the misfit strain energy was
calculated based on Eqs. [8] through [12] for a semi-co-
herent interface.[34] The physical parameters for these
calculations were taken from the literature[35–41] and are
summarized in Table II. The calculated values of the
misfit strain energy between inclusions and austen-
ite/ferrite are shown in Table III, and the values range
from 0.379 to 0.810 J/m2. This is in good agreement
with a previous study[42] where the misfit strain energy

Fig. 3—Schematic of IGF nucleation on the surface of a spherical
inclusion.
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was calculated to be from 0.2 to 0.8 J/m2. Hence, the
calculated misfit strain energies are reasonable.

rs ¼
lc
4p2

1þ b� 1þ b2
� �1=2�b ln 2b 1þ b2

� �1=2�2b2
� �� �

½8�

l¼ lm þ lI
2

; ½9�

c¼ am þ aI
2

; ½10�

b¼ 2pdImk
l

; ½11�

k¼ 1

1�mm
lm

þ 1�mI
lI

� � ½12�

l is the average of the shear modulus of the two
phases; the subscript I stands for the inclusion phase,
i.e., TiO or TiN; m stands for the metal phase, which is
austenite (c) and ferrite (a); c is the average of the lattice
parameter of the inclusion phase and the metal phase; b
is calculated by the misfit between the metal phase and
the inclusion phase (dIm), shear modulus (l), and
Poisson’s ratio (m).

Equations [13] through [14] describe the method for
calculating the GBF nucleation from grain
boundaries[43].

f0ðhÞ ¼ DG�
het

DG�
hom

¼ 1

4
2þ cos/ð Þ 1� cos/ð Þ2 ½13�

cos/ ¼ rcc=2rca ½14�

rcc is the interfacial energy of austenitic interfaces and
cos u is calculated by the ratio of rcc/rca.

III. RESULTS

A. Chemical Composition of Inclusions

Figure 4(a) shows that Ti-oxide, from hereon referred
to as TiOx, is the main phase in both the core and the
surface of the inclusions in the steel with Ti2O3 addition
(alloy A). Moreover, different parts of the inclusion were
measured by EPMA point analysis. A typical location of
a measurement is shown in Figure 5 and the results are
shown in Table IV. It was found that the atomic ratio of
O/Ti, x, is between 1.55 and 1.69. Besides TiOx, MnS
inclusions and small amounts of Mn-Al-Si-O oxide,
previously reported to be a glassy amorphous Mn-Al-
Si-O phase,[44] are randomly distributed outside the
corners of the TiOx core. These typical inclusions in
alloy A are designated to be a TiOx+MnS inclusion. In
addition, the Al content is 1.14 to 1.58 at. pct in the
oxide phase, which is much lower than the Ti content.
Also, the Mn content is 0.81 to 3.61 at. pct and the S
content is 0.55 to 4.29 at. pct. in the oxide phase. Note,
that a typical spinel type inclusion, such as Ti-Al-O or
Ti-Mn-O, has not been found in alloy A.
Figure 4(b) shows the elemental distribution maps for

a typical inclusion in the steel with TiN addition (alloy
B). The core part is a Mn-Al-Si-Ti-O phase and the
EPMA analysis shows that the chemical composition of
the glassy amorphous Mn-Al-Si-Ti-O phase is 13.4 at.
pct Si, 12.4 at. pct Al, 10.5 at. pct Mn, 2.5 at. pct Ti, and
59.9 at. pct O. Moreover, TiN is found to precipitate on
the surface of the Mn-Al-Si-Ti-O phase. This outer layer
of TiN is considered to be the nucleation site for IGF
formation. The atomic ratios of N to Ti range from 0.8
to 1.3 and; moreover, MnS was found to precipitate
randomly at the corners of the core of the Mn-Al-Si-
Ti-O phase. These typical inclusions in alloy B are
designated to be a TiN+MnS+Mn-Al-Si-Ti-O
inclusion.

Table II. Physical Parameters for the Calculation of Misfit Strain Energy

Symbol Explanation Value Ref.

dTiN/c misfit between TiN and austenite 16.96 pct Pan et al.[35]

dTiN/a misfit between TiN and ferrite 4.6 pct Mills et al.[36]

dTiO/c misfit between TiO and austenite 15.79 pct Pan et al.[35]

dTiO/a misfit between TiO and ferrite 3.0 pct Mills et al.[36]

aTiN lattice parameter of TiN 0.424 nm Mills et al.[36]

aTiO lattice parameter of TiO 0.418 nm Mills et al.[36]

ac lattice parameter of austenite 0.359 nm Galasso[37]

aa lattice parameter of ferrite 0.286 nm Galasso[37]

lTiN shear modulus of TiN 231 GPa Zhang et al.[38]

lTiO shear modulus of TiO 241.54 GPa Ciftci et al.[39]

lc shear modulus of austenite 81.6 GPa Zhang et al.[38]

la shear modulus of ferrite 42.3 GPa Fukuhara and Sampei[40]

mTiN Poisson’s ratio of TiN 0.300 Perry[41]

mTiO Poisson’s ratio of TiO 0.232 Ciftci et al.[38]

mc Poisson’s ratio of austenite 0.350 Fukuhara and Sampei[40]

ma Poisson’s ratio of ferrite 0.290 Fukuhara and Sampei[40]
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B. Prior Austenite Grain Size

Figure 2 shows the relationship between the prior
austenite grain size and the holding conditions of the
steels with either Ti2O3 or TiN addition. The grain size
in Figure 2 was measured for the steel that was cooled at
70 �C/min but it was also confirmed that the grain size
was constant within ±30 lm regardless of the cooling
rate. The prior austenite grain size increases with
increasing holding temperature from 1473 K to
1673 K (1200 �C to 1400 �C) and with increasing
holding time from 0 to 10 minutes. Moreover, the grain
size in alloy A is larger than that in alloy B.

C. Area Fraction of IGF

Figures 6(a) and (b) show the effect of prior austenite
grain size on the area fraction of IGF in the steels with
Ti2O3 and TiN additions. Furthermore, the relationship
between the cooling rate and the phase fractions are
plotted in Figures 7(a) and (b) for the steel samples that
were heated to 1673 K (1400 �C) without holding. It can
be seen that when the cooling rate and the grain size are
kept constant, the area fraction of IGF is larger in alloy
A than in alloy B. Moreover, the area fraction of IGF
increases with increasing prior austenite grain size and
with increasing cooling rate from 3.6 to 70 �C/min, a
tendency that was observed for both steel alloys.

D. Starting Temperature of IGF and GBF Formation

Figure 8 shows typical images of the initial formation
of GBF and IGF with different grain sizes in alloy A, as
observed by CLSM. It is clear that TGBF,s in the steel
with a relatively small grain size is higher than that in
the steels with a coarse grain size, while TIGF,s is almost
constant regardless of the grain size. CLSM micro-
graphs of IGF and GBF formation for different cooling
rates are shown in Figure 9. It is seen that the GBF
forms at a higher temperature than the IGF does and,
moreover, the values of TGBF,s and TIGF,s decrease with
increasing cooling rate. The values of TGBF,s and TIGF,s

for different grain sizes and treated using different
cooling rates are shown in Figures 10(a) and (b). It can
be seen that TGBF,s is lower for the steels with Ti2O3

addition compared to the steels with TiN addition, while
TIGF,s is almost the same for the two alloys.

IV. DISCUSSION

A. Effect of the Inclusions on the IGF Formation

As shown in Figure 6, the fraction of IGF is higher
in alloy A than in alloy B. The number density of
inclusions is 53.9/mm2 in alloy A and 58.8/mm2 in
alloy B. This slight difference in number density is
assumed to be negligible in the current work. The
difference of the area fraction of IGF is due to the
nuclei inclusions in alloy A are more effective to
promote the formation of IGF than those in alloy B.
Homma et al.[45] and Lee and Pan[46,47] have reported
that TiOx inclusions are more potent nucleation sites
for IGF formation than TiN inclusions. This has also
been confirmed by Lee[48] who calculated the relative
nucleation potential of IGF to GBF and demonstrated
that Ti-oxide inclusions have superior nucleation
potential compared to TiN inclusions. Mu et al.[7] have
reported the probability of IGF nucleation at each
inclusion size range using the number of inclusions
where ferrite nucleates divided by the total number of
inclusions. Their results show that the nucleation
probability of TiOx inclusion is higher than that of
TiN inclusion for each inclusion size range. Looking
more in detail at the characteristics of the inclusions,
previous studies have reported that a TiO phase is
present on the surface of the complex TiOx particles in
steels with a Ti2O3 addition.[49,50] A study of the
interfacial structure between the TiO and the adjacent
IGF in a low-carbon steel has also been reported.[51]

Based on the experimental evidence, the physical
properties of TiO phase were used to represent those
of TiOx inclusions in the calculations of an IGF
nucleation.

Table III. Physical Parameters for the Calculation of Normalized Energy Barrier of IGF and GBF Nucleation

Symbol Explanation Value Ref./Present work

rIc,c chemical interfacial energy between inclusion
and austenite

TiO 0.839 J/m2 Yang et al.[33]

TiN 0.636 J/m2 Yang et al.[33]

rIa,c chemical interfacial energy between inclusion
and ferrite

TiO 0.627 J/m2 Yang et al.[33]

TiN 0.439 J/m2 Yang et al.[33]

rIc,s misfit strain energy between inclusion
and austenite

TiO 0.773 J/m2 present work
TiN 0.810 J/m2 present work

rIa,s misfit strain energy between inclusion
and austenite

TiO 0.379 J/m2 present work
TiN 0.502 J/m2 present work

rca interfacial energy between austenite
and ferrite

0.75 J/m2 Ricks et al.[53]

rca/rcc ratio between rca and rcc 1.0 Ricks et al.[53]

0.943 Gjostein et al.[69]

0.72 Valck[70]

DGv driving force per volume for ferrite formation 4.26 9 107 J/m3

[973 K (700 �C)]
present work by
Thermo-Calc.
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Several mechanisms have been suggested to cause the
different potencies of inclusions toward IGF nucleation.
It has been suggested that the reduction of the energy
barrier for nucleation of the ferrite phase is the primary
cause.[52] Furthermore, it has been stated that the energy
barrier of heterogeneous nucleation normalized by
homogeneous nucleation of IGF DG�

het:=DG
�
hom :

� �
con-

tinuously decreases with increasing inclusion size.[53,54]

Ricks et al.[53] reported that the inclusion surfaces are
always energetically less favorable than the prior
austenite grain boundaries for ferrite nucleation. Their
conclusions were based on classical nucleation theory[54]

showing that the ferrite prefers to nucleate at the surface
of the inclusions instead of at the grain boundaries when

the sizes of the inclusions are larger than the critical
sizes.
In this work, the normalized energy barrier of IGF

formation DG�
het:=DG

�
hom :

� �
was calculated at each

inclusion size. The effect of the inclusion size on the
normalized energy barrier of IGF and GBF nucleation
is shown in Figure 11, where (a) is plotted for the
chemical interfacial energy alone, (b) is plotted for the
misfit strain energy alone, and (c) shows the combined
result, i.e., considering the total energy. The critical radii
of TiO and TiN inclusions are in the range from 0.1 to
0.3 lm, 0.07 to 0.2 lm, and 0.03 to 0.05 lm in
Figures 11(a), (b), and (c), respectively. These results
predict that TiO and TiN could become effective

Fig. 4—Chemical maps of Ti, N, Al, Si, O, Mn, and S in inclusions, determined by EPMA, for (a) alloy A and (b) alloy B.
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nucleation sites for IGF when their sizes are larger than
the critical size. It is found that the actual inclusion size
in the investigated steels is larger than the critical size,
and thus the inclusions are large enough to become
effective nucleation sites for IGF. Furthermore, the
critical size of TiO is smaller than that of TiN, see
Figures 11(a), (b), and (c). The fact that TiO has a
higher potency to induce IGF nucleation than TiN
could explain why the fraction of IGF nucleated from
TiOx is higher than that from TiN.

B. Effect of Prior Austenite Grain Size on the IGF
Formation

Figure 6 shows that the fraction of IGF is increased
with increasing prior austenite grain size, and this
tendency could be observed regardless of the composi-
tion of the inclusions and the cooling rate. This tendency
is in agreement with previous results in steels using a
cooling rate of 300 �C/min.[11] Furthermore, Liu and
Olson[55] reported that the larger sized grains provide a
larger physical space inside the grains for nucleation and
growth of IGF, and this is considered to be the reason
for the larger fraction of IGF in the steels with a larger
grain size. Finally, it is noted that when the average
grain size is larger than 470 lm [holding at 1673 K
(1400 �C) 9 0 minutes] in alloy A and larger than about
295 lm [holding at 1673 K (1400 �C) 9 0 minutes] in
alloy B, the area fraction of IGF only increases slightly.
Therefore, since both a large area fraction of IGF and a
fine grain size is desirable, the holding at 1673 K
(1400 �C) for 0 minutes seems to be the preferred
condition in the present work.
In Figure 10, it is noted that TGBF,s of alloy A is lower

than that of alloy B, and the difference in the value of
TGBF,s is due to the difference in grain size. Specifically,
alloy B has an average grain size of about 295 lm,
whereas alloy A has an average grain size of about
470 lm at the same holding condition of 1673 K
(1400 �C) 9 0 minutes, and this phenomenon is due to
the pinning effect of TiN inclusions.[56] This difference in
behavior can be explained in terms of nucleation

Table IV. EPMA Point Analysis of Alloy A (Mass Percent)

Point 1 (TiOx, x = 1.65) Point 2 (TiOx, x = 1.66) Point 3 (TiOx, x = 1.68)

Mass pct Atomic pct Error pct Mass pct Atomic pct Error pct Mass pct Atomic pct Error pct

O 25.42 48.08 1.32 27.69 50.91 1.32 31.25 55.89 1.28
Ti 46.19 29.19 1.63 49.87 30.63 1.60 55.63 33.23 1.51
Al 1.02 1.14 2.93 1.09 1.18 2.87 1.31 1.39 2.56
Fe 12.94 7.01 1.17 10.56 5.56 1.32 7.48 3.83 1.59
N 2.84 6.13 10.23 3.01 6.31 9.90 2.06 4.21 12.47
Mn 6.55 3.61 3.23 4.75 2.54 3.89 1.57 0.81 7.18
Si 0.51 0.55 4.08 0.45 0.47 4.45 0.08 0.08 18.70
S 4.54 4.29 1.35 2.60 2.39 1.84 0.62 0.55 3.90

Point 4 (TiOx, x = 1.64) Point 5 (TiOx, x = 1.54) Point 6 (TiOx, x = 1.69)
O 30.32 54.57 1.29 27.55 51.18 1.36 33.17 57.75 1.25
Ti 55.27 33.22 1.51 53.32 33.09 1.53 58.92 34.26 1.45
Al 1.35 1.44 2.52 1.29 1.42 2.60 1.53 1.58 2.31
Fe 7.35 3.79 1.59 11.08 5.89 1.29 2.32 1.15 2.99
N 2.17 4.45 11.21 2.64 5.60 10.51 2.14 4.25 11.70
Mn 1.87 0.98 6.47 2.77 1.50 5.18 1.85 0.94 6.53
Si 0.38 0.39 5.11 0.46 0.48 4.64 0.07 0.06 20.92
S 1.30 1.16 2.61 0.90 0.83 3.17 — — —

Point 7 (TiOx, x = 1.69) Point 8 (MnS) Point 9 (MnS)
O 33.22 57.58 1.25 3.19 8.57 3.50 3.34 9.07 4.05
Ti 58.91 34.11 1.44 10.28 9.23 3.41 22.83 20.73 2.39
Al 1.27 1.31 2.53 0.32 0.52 6.62 0.54 0.87 4.75
Fe 2.38 1.18 2.93 18.59 14.31 0.94 25.86 20.14 0.84
N 2.47 4.90 9.92 — — — — — —
Mn 1.64 0.83 6.80 41.90 32.78 1.21 29.59 23.43 1.52
Si 0.06 0.06 23.77 0.34 0.52 5.95 0.74 1.14 3.57
S 0.05 0.04 21.35 25.36 34.00 0.56 16.30 22.11 0.75

*x = O (at. pct)/Ti (at. pct).

Fig. 5—Schematic locations of EPMA point analysis of a typical
inclusion in alloy A.
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density. Fine-grained austenite contains a high density
of grain boundaries, which are the primary nucleation
sites for GBF, and this gives high probability of GBF
formation occurring at low undercooling (DT=Ae3-Ts),
i.e., the high temperature product.[57]

C. Effect of Cooling Rate on the IGF Formation

In the present work, the cooling rate of 3.6 �C/min is
close to the actual cooling rate of the CGHAZ in
weldments,[58] and, moreover, the cooling rates of 70
and 678 �C/min were used to study if the fraction of
IGF could be increased with increasing cooling rate.
Figure 7 shows that the fraction of IGF increases and
that of GBF decreases with increasing cooling rate from
3.6 to 70 �C/min. The reason for the difference with
respect to the cooling rate is that the starting temper-
ature of the GBF formation is higher than that of the
IGF formation and since the growth time of GBF is
much longer at a cooling rate of 3.6 �C/min compared
to a cooling rate of 70 �C/min, the formation of IGF is
suppressed for a cooling rate of 3.6 �C/min, since there
is less physical space left inside the grains.[55] Moreover,
both the fraction of IGF and that of GBF decrease with
increasing cooling rate from 70 to 678 �C/min, since the
formation of bainite and martensite will occur in the

lower temperature range, according to the CCT diagram
for similar steels.[59] In summary, 70 �C/min is the most
suitable cooling rate to use among the cooling rates used
in this work.
Figures 12 and 13 show EBSD band contrast and

inverse pole figure (IPF) colored images of themicrostruc-
tures. In the steels which were cooled at a rate of 3.6 �C/
min, the microstructure in the IPFmap is coarse IGF and
pearlite. This microstructure has already been identified
by a combination of differential scanning calorimetry
(DSC) and metallographic examinations for the same
alloy, cooled at the same condition.[60] In the steels which
were cooled using a rate of 70 �C/min, it is found that the
acicular units of IGF have different orientations with the
neighboring bainite units in the IPF map. The parallel
bainite laths in individual packets have almost the same
orientation and the microstructure is similar to the one
reported by Wan et al.[10] In the steels which were cooled
at a rate of 678 �C/min, the interlocked IGF microstruc-
ture also exists. However, the fraction of IGF is much
lower than in the specimens which were cooled at a rate of
70 �C/min. To validate the EBSD observations, the area
fraction of IGFwas comparedwith theCLSM results and
they were in good agreement. In the IPF map of alloy B
cooled at an average rate of 678 �C/min, it is found that
the prior austenite grain is subdivided into several blocks,
which is typical for lath martensite in low-carbon

Fig. 6—Relationship between the prior austenite grain size and the
area fraction of IGF (a) alloy A; (b) alloy B.

Fig. 7—Effect of cooling rate on the area fraction of (a) IGF and (b)
GBF [holding at 1673 K (1400 �C) 9 0 min].
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alloys.[61–63] However, much larger size units with the
same crystal orientation are found in the IPFmap of alloy
A cooled at an average rate of 678 �C/min. This
microstructure is most probably due to a larger grain size
in this steel sample, since it is known that the martensite
unit size depends on parent austenite grain size.[64,65] The
matrix is most likely a mixture of martensite and bainite,
and since their structures are similar,[66,67] no attempt was

made to try to separate them. It is also known that bainite
can grow below the starting temperature of martensite
(Ms),

[68] and hence it may even be difficult to separate
them based on dynamic studies.
The morphology of the IGF phase changes from a

coarse microstructure into a fine microstructure (acicu-
lar shape IGF) when the cooling rate increases. How-
ever, the fraction of IGF is quite small in the case of a

Fig. 8—Typical CLSM images of IGF formation in alloy A. (a) holding at 1673 K (1400 �C) 9 0 min; (b) holding at 1673 K (1400 �C) 9 5 min.
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Fig. 9—Typical CLSM images for IGF formation in alloy A, held at 1673 K (1400 �C). (a) through (f) cooling rate of 3.6 �C/min, and (g)
through (k) cooling rate of 70 �C/min from 1223 K to 673 K (950 �C to 400 �C).
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cooling rate of 678 �C/min. Thus, in order to obtain the
desired microstructure of fine IGF units with a large
phase fraction, an intermediate cooling rate of 70 �C/
min is the most suitable one for the investigated alloys in
the present work.

Figure 10 shows that the values of TGBF,s and TIGF,s

decrease with increasing cooling rate. The values of
TGBF,s and TIGF,s for alloy A and B held at 1673 K
(1400 �C) 9 0 minutes were selected to determine a
schematic CCT diagram, see Figure 14. It is here found
that TGBF,s is higher than TIGF,s at each cooling
condition, which is expected since the grain boundaries
should be the primary nucleation sites and the inclusions
should be the secondary nucleation sites.[57] Further-
more, the relationship between the driving force of
ferrite formation (DGm and DGv) and the starting
temperatures of ferrite formation (TGBF,s and TIGF,s)
was calculated using Thermo-Calc[27] and the TCFE7
database[28], and the results are shown in Figure 15. The
calculated value of DGm at about 973 K (700 �C) is in
agreement with a previous study,[54] and it can be noted
that the driving force for ferrite formation increases with
increasing cooling rate.

The driving force, DGv, at different temperatures was
used to calculate the normalized energy barrier,
DG�

het:=DG
�
hom :, of IGF and GBF nucleation, based on

the methods from Eqs. [1] through [14]. The calculation
results for the energy barrier of IGF nucleation on TiO

Fig. 10—Effect of prior austenite grain size and cooling rate on the
starting temperature of IGF and GBF formation. (a) alloy A, (b) al-
loy B.

Fig. 11—Effect of inclusion radius on energy barrier to heteroge-
neous nucleation to ferrite at inclusions, DG�

het:, normalized with re-
spect to homogeneous nucleation barrier, DG�

hom :. (a) Chemical
interfacial energy is used for the calculation; (b) Misfit strain energy
is used for the calculation; (c) Chemical energy and misfit strain en-
ergy are used for the calculation.
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and TiN is shown in Figures 16(a) and (b). It can be
seen that when the inclusion size is fixed, the normalized
energy barrier DG�

het:=DG
�
hom :

� �
decreases with decreas-

ing temperature from 1073 K to 873 K (800 �C to
600 �C). Thus, there is a higher potency for IGF
nucleation from inclusion surface at a lower tempera-
ture. Furthermore, the calculation results in Figure 16
could explain why the IGF fraction at the intermediate
cooling rate of 70 �C/min is higher than at a slow
cooling rate of 3.6 �C/min.

V. CONCLUSIONS

1. The inclusions in the steel with Ti2O3 addition (alloy
A) are TiOx+MnS inclusions and in the steel with
TiN addition (alloy B) the inclusions are identified as
TiN+MnS+Mn-Al-Si-Ti-O inclusion. Preferred
nucleation of intragranular ferrite (IGF) was found
to occur from the TiOx and TiN phases and the
fraction of IGF was larger in the steel with Ti2O3

addition compared to the steel with TiN addition.
The reason for this difference is that the TiOx phase

Fig. 12—EBSD analysis of alloy A and alloy B at different cooling rates (step size 0.8 lm).
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provides more potent nucleation sites for IGF than
the TiN phase.

2. The fraction of IGF in the steels which was cooled
using a rate of 70 �C/min was larger than the steels
which were cooled either more rapidly or slower. The
reason is the competition with grain boundary ferrite
(GBF) for slower cooling and the competition with
martensite and bainite for faster cooling. Further-

more, it should be noted that IGF is refined and the
starting temperatures of IGF and GBF decrease with
increasing cooling rate.

3. The IGF fraction increases with increasing prior
austenite grain size, and the starting temperature of
GBF formation is higher for the steel containing a
smaller grain size. However, the starting temperature
of IGF formation is independent of the grain size.

Fig. 13—EBSD analysis of alloy A for different cooling rates (step size 0.1 lm).

Fig. 14—Schematic CCT diagram for starting temperature of GBF
and IGF formation in alloy A and alloy B.

Fig. 15—Relationship between the driving force and the starting
temperature of the ferrite formation.
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