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To clarify what serves as the priority site for austenite nucleation, microstructure evolu-
tion during continuous heating was experimentally studied using specimen sheets of the
deformed ferrite-pearlite structure of an Fe-0.1 mass% C-2.0 mass% Mn alloy. At 998 K,
while 97% of austenite grains were found to nucleate at high-angle boundaries between
ferrite grains, no austenite nucleation was observed inside ferrite grains. At 1028 K, on the
other hand, austenite nucleation was found to occur inside ferrite grains. According to ther-
modynamic calculation, austenite nucleation requires cementite at 1032 K or lower, which
indicates that cementite on high-angle boundaries between ferrite grains serves as the prior-
ity site for austenite nucleation. The above test result agrees well with the calculation results

based on nucleation theories.

1. Introduction

The automotive industry is making efforts to reduce car weight
and enhance collision safety. The use of high-strength steel for the
bodies is an important measure to achieve both of these aims simul-
taneously. Ultra-high-strength steel with a tensile strength of 980
MPa or more is used especially for the frame structural members. "

In the manufacture of such frame structural members, good
formability is required of the steel in addition to high strength. The
formability of steel sheets is evaluated widely in terms of elongation
at the tensile test, which, however, tends to lower as the tensile
strength increases,? and it is not easy to produce steel having both
high strength and good formability.

As the breakthrough to solve this problem, steel sheet products
of high strength and high formability have been developed taking
advantage of dual-phase (DP) steel, low-alloy TRIP (transformation
induced plasticity) steel, etc. These types of steel have a composite
structure comprising ferrite as the main phase. The DP steel have a
structure in which martensite is scattered in a matrix of ferrite,
wherein the martensite affects both strength and elongation. In the
low-alloy TRIP steel, on the other hand, the structure contains aus-

tenite, or what is known as retained austenite, in addition to mar-
tensite, and the austenite markedly improves elongation thanks to its
TRIP effect.” Therefore, to obtain high strength and good formability
with composite-structure steel, it is essential to control the formation
of martensite and retained austenite.

In most cases, high-strength steel sheets are produced through
hot rolling, cold rolling, and then continuous annealing,” and their
metallographic structure is controlled as intended through this se-
quence of processes. Here, the steel after hot rolling usually has a
ferrite-pearlite structure,® then austenite forms through cold rolling
and heating (during the annealing) to above the Ac, transformation
point,® ' and the austenite thus formed is transformed into martens-
ite or retained austenite during cooling in the continuous annealing
process.® It is therefore important to clarify the structural change
from the ferrite-pearlite structure after cold rolling, especially the
austenitic transformation during the heating for annealing. The fer-
rite-pearlite structure after cold rolling is hereinafter referred to as
the deformed ferrite-pearlite structure.

When this deformed ferrite-pearlite structure is heated, austenite
forms, in addition, ferrite recrystallizes, and cementite in pearlite is
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spheroidized.” Tt has been reported that not only the ferrite recrys-
tallization but also the austenitic nucleation and growth are influ-
enced by the rate of the heating.® In fact, there is a report stating
that when the deformed ferrite-pearlite structure of an Fe-0.17
mass% C-0.74 mass% Mn alloy is heated, the number of austenitic
nucleation sites increases with the higher heating rate, and the aus-
tenitic transformation is accelerated.” The number of nucleation
sites changes depending on strain energy, the distribution of cement-
ite, the number of ferrite grain boundaries, etc., but which of these is
the most significant governing factor was unclear.

Against this background, we aimed at clarifying what served as
the preferential nucleation sites for austenite during continuous an-
nealing by tests using the deformed ferrite-pearlite structure of an
Fe-0.1 mass% C-2.0 mass% Mn alloy as the specimen. We also
studied the factors influencing austenite nucleation and tried to clar-
ify what served as the priority nucleation sites through calculation
based on classical nucleation theories. The present paper reports the
results of these studies.

2. Body
2.1 Test method

An Fe-0.1 mass% C-2.0 mass% Mn alloy was melted in a vacu-
um furnace and cast into 50 kg ingots. After hot rolling the ingots,
the rolled sheets were additionally held at 873 K for 1 h, air cooled
to room temperature, and then scale was removed from both surfaces
by grinding; the final sheet thickness was 2.5 mm. The hot-rolled
sheets were cold rolled to a thickness of 1.2 mm, their thermal ex-
pansion (or dilatation) was measured by heating to 1223 K at a rate
of 28 K/s, and the relationship between the temperature and the co-
efficient of thermal expansion was calculated from the amount of
dilatation. Then, the variation of thermal expansion per unit heating
was defined by the following method: the gradient of the thermal
expansion curve of the material at temperature 7 was approximated
by fitting a straight line to the curve in the range from 7—5 K to 7+5
K, and defining the gradient of the straight line as the temperature-
dependent variation of the thermal expansion curve at temperature 7.
In addition to the above, test pieces were prepared by heating the
cold-rolled sheets to different temperatures from 985 to 1028 K at a
heating rate of 28 K/s, water cooling them, polishing them with alu-
mina at a section surface, and etching the surface with nital.

The specimens were observed at the section through a scanning
electron microscope (SEM). A specimen heated to 998 K was exam-
ined in terms of crystallinity (orderliness of atomic alignment) and
grain boundaries by the method of electron back scattering diftrac-
tion pattern (EBSD), wherein the working distance (WD) was set at
10 mm, accelerating voltage at 15 kV, the distance between meas-
urement points at 50 nm, and data were collected in an area of 50 %
50 um. In addition, the carbon concentric distribution of the same
specimen heated to 998 K was measured using a field emission elec-
tron probe micro analyzer (FE-EPMA), setting the distance between
measurement points at 200 nm. The specimen sections were finished
using colloidal silica before the EBSD and FE-EPMA examinations.
2.2 Test result
2.2.1 Microstructural change during continuous heating

The microstructures of the hot- and cold-rolled sheets are given,
respectively, in parts (a) and (b) of Fig. 1; here, ND means the thick-
ness (normal) direction, RD the rolling direction, F ferrite, and P
pearlite (which applies also to other images hereinafter). In Fig.
1 (a), there are areas of an even tone and others scattered with parti-
cles. The former is pro-eutectoid ferrite, and since the particles are
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Fig.1 Cross-sectional microstructures of (a) hot-rolled and (b) cold-
rolled specimens of Fe 0.1 mass% C-2.0 mass% Mn alloy
(F: ferrite, P: pearlite, ND: normal direction, RD: rolling direc-
tion)

gy

cementite, the latter is pearlite. This indicates that a ferrite-pearlite
structure was obtained by hot rolling an Fe-0.1 mass% C-2.0 mass%
Mn alloy and holding it isothermally at 873 K. On the other hand,
Fig. 1(b) shows that the ferrite-pearlite structure was elongated in
the rolling direction, and there were shear zones in ferrite grains, in-
dicating that the structure of the cold-rolled sheets is the deformed
ferrite-pearlite structure.

The analysis result of the variation of thermal expansion per unit
heating of the cold rolled sheet specimens during heating at a rate of
28 K/s is given in Fig. 2. In part (a), the ordinate represents thermal
expansion, and the abscissa temperature. Figure 2 (a) shows that the
Ac, and Ac, temperatures of the material were 988 K and 1110 K,
respectively. In the graph, I is the temperature range below Ac,, and
IV that over Ac,. Figure 2(b) shows the relationship between tem-
perature and the variation of the dilatation. The graph seems to indi-
cate that the austenitic transformation of the alloy during heating
progresses in plural stages; according to Azizi et al., the change
from the deformed ferrite-pearlite structure follows five steps.”

According to the result of the present study, too, the austenitic
transformation between I and IV can be divided into two parts. In
the range II in Fig. 2 (b), the thermal expansion per unit heating fell
markedly, which presumably resulted from the nucleation and
growth of austenite advancing in parallel together with the melting
of cementite. Thereafter, in the range III, the variation of thermal
expansion per unit heating continued to fall with the increase in
temperature, and at 1070 K it began to increase. This is presumably
because cementite had disappeared and only the austenitic growth
advanced.” Following the argument of Azizi et al.,” the boundary
temperature between II and III is hereinafter referred to as Ac,. By
the graph in Fig. 2(b), Ac, is 1025 K. It follows, therefore, that aus-
tenitic nuclei are considered to form in the heating temperature
range of 988 to 1025 K.

Next, Fig. 3 shows the microstructures of specimens prepared
by heating the cold-rolled sheets to different temperatures at a heat-
ing rate of 28 K/s and then water cooling them. In this figure and
others hereinafter, C and M indicate spheroidal cementite and mar-
tensite, respectively. This martensite formed as follows: austenite
formed during the heating, and it transformed into martensite during
the water cooling. As seen in Fig. 3 (a), the structure obtained at 985
K (immediately below Ac,) contained recrystallized ferrite in the
deformed ferrite-pearlite structure. In addition, spheroidal cementite
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Fig. 2 (a) Dilatometry curve, (b) Temperature derivative of dilatation

(heating rate: 28 K/s, specimens: cold-rolled sheet of Fe-0.1 mass%
C-2.0mass% Mn alloy)

was also found on the grain boundaries of ferrite, and part of the ce-
mentite in the pearlite was spheroidized.

Martensite was not found, which indicates that austenite did not
form. On the other hand, as is shown in Fig. 3 (b), martensite was
found in the structure obtained through heating the specimens to
998 K (immediately above Ac ), and as a consequence, from the re-
sults of the analysis in Fig. 2 as well as the microstructural observa-
tion, it was clarified that austenite nucleated in the range from 985
to 998 K during the heating. In addition, as indicated with the black
arrows in Fig. 3 (b), austenite nucleated at the ferrite-pearlite inter-
faces, on ferrite grain boundaries and inside pearlite grains. It has to
be noted here that austenite did not form in ferrite grains.

As seen in Fig. 3(c), in the structure obtained by heating the
specimens to 1028 K (immediately above Ac,), substantially all
austenite was distributed in the rolling direction. Note here, however,
that part of the austenite was found to form inside grains of recrys-
tallized ferrite.

2.2.2 Priority nucleation sites for austenite

The structure of the specimen shown in Fig. 3 (b) was examined
by the EBSD method. Figures 4 (a) and (b) are an image quality (IQ)
map and a grain boundary map, respectively, of a specimen obtained
by heating one of the steel sheets to 998 K and then water cooling it.
The IQ value is an indicator of the distinctness of the Kikuchi lines,
and it decreases depending on the strain field, or the flaw in crystal-
linity, resulting from lattice defects in the area to which the electron
beam is irradiated. In the image of Fig. 4(a), light areas represent
zones of high crystallinity, and dark areas those of low crystallinity;
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Fig. 3 Cross-sectional microstructures of cold-rolled sheets of Fe-0.1
mass% C-2.0mass% Mn alloy heated at 28 K/s to (a) 985K, (b)
998K and (c) 1028 K
(F: ferrite, P: pearlite, C: cementite, M: martensite, y: austenite,
ND: normal direction, RD: rolling direction)

martensite usually appears dark in IQ maps,'> ' recrystallized fer-
rite light in contrast, and deformed ferrite and deformed pearlite in-
termediate in the middle between the two. In the present analysis,
the areas of an IQ value of 300 or less were judged to be martensite.

The image of Fig. 4 (b) was created by superimposing a martens-
ite distribution map on a grain boundary map; the red curves show
high-angle grain boundaries, and the blue curves low-angle grain
boundaries. Here, the grain boundaries are classified as follows:
when the difference @ in the crystal orientations of two adjacent
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Fig. 4 EBSD analysis of cross-sectional structure of specimen sheet
heated to 998K
(a) Image quality map, (b) Grain boundary map

grains is 15° or more (15°<0), the boundary between them is a
high-angle boundary, and when 6 is 5° or more and smaller than
15°(5°<0<15°), the boundary is a low-angle boundary.'¥ In the
area of 2500 um?, 158 martensite grains were counted. The black
arrows in the map indicate martensite grains flanking on one or
more high-angle boundaries, and the green circles mark those flank-
ing on one or more low-angle boundaries in pearlite. Assuming that
the martensite was austenite during the heating, the relationship be-
tween the austenite and the grain boundaries was analyzed, and as a
result, 97% of the austenite grains were found to flank on one or
more high-angle boundaries, and the remaining 3% on one or more
low-angle boundaries in pearlite. This analysis result indicates that
high-angle grain boundaries are the priority nucleation sites for aus-
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Fig. 5 FE-EPMA analysis of specimen sheet heated to 998 K
(a) Carbon concentration map, (b) SEM micrograph of area sur-
rounded by red dotted lines, (c) Martensite structure and high-
angle grain boundaries superimposed on (a)
(C: cementite, M: martensite)

tenite.

Then, the cold-rolled sheets were heated to 998 K at a rate of 28
K/s and then water cooled, and the sheets thus obtained were ana-
lyzed in terms of high-angle grain boundaries and the carbon con-
centration distribution near those boundaries using an FE-EPMA;
the result is given in Fig. 5. The carbon concentration distribution
given in part(a) shows that carbon concentration is high in the area
surrounded by dotted red lines. Part(b) shows the microstructure of
this area. Spheroidal cementite, which resulted from the cementite
in pearlite having spheroidized during the heating, is seen to be scat-
tered in a higher density there than in surrounding areas. In Fig.
5(c), the carbon concentration distribution given in part(a) is super-
imposed on the martensite and high-angle grain boundaries in the
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Fig. 6 Typical austenite structure of specimen heated to 998 K
(M: martensite)

same area. Here, the green areas are martensite, and red curves show
high-angle grain boundaries. The image demonstrates that martens-
ite grains flanking on one or more high-angle boundaries are located
near the areas where spheroidal cementite is in high concentration.

Figure 6 shows the microstructure in the framed area in Fig.
5(c); here the red curves are high-angle grain boundaries. As the
black arrows indicate, some martensite grains flanking on one or
more high-angle boundaries contained cementite inside them.
2.3 Discussion
2.3.1 Experimental study on preferential nucleation sites for austenite

Based on the test results presented above, we studied the factors
influencing the nucleation of austenite. In the structure of the speci-
mens heated to 998 K (immediately above Ac,), 97% of austenite
grains flanked on one or more high-angle boundaries, and the re-
maining 3% on low-angle boundaries in pearlite. In addition, the
former grains were found to form near areas where spheroidal ce-
mentite was in high concentration, which indicates that austenitic
nucleation requires both cementite and high-angle grain boundaries
of ferrite. With respect to the austenite grains flanking on low-angle
boundaries in pearlite, on the other hand, it was surmised that the
strain energy that existed before the heating had some influence over
their formation, but the number of such austenite grains was small.
Under the conditions of the present study, therefore, the influence of
strain energy over the austenite nucleation is considered smaller
than the influence of high-angle grain boundaries and cementite.
2.3.2 Analysis based on classical nucleation theories

We studied the influences of cementite and high-angle grain
boundaries over the austenitic nucleation based on classical nucle-
ation theories. !>

A study report states that, when austenite nucleates from a fer-
rite-cementite structure, the nuclei form on the ferrite side of the in-
terfaces between ferrite and cementite.'” In consideration of this,
the cases of austenite nucleation at a ferrite-cementite interface are
classified as follows: the case in which cementite is located at a
high-angle boundary of two ferrite grains is Case I; another in which
the cementite is located inside a ferrite grain is Case II; and yet an-
other is Case III in which a boundary edge'>'® flanking on three
ferrite grains serves as the site of austenitic nucleation. Figure 7
schematically shows Cases I, II, and III. Disregarding the effects of
grain boundary energy and interface energy over the shape of aus-
tenite nuclei,'>'® the present analysis assumed that an austenite nu-
cleus is hemispherical in Cases I and II, and it is spherical in Case
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Fig. 7 Schematic illustration of austenite nucleation from ferrite and
cementite

Case I: Austenite nucleating at ferrite grain boundary flanking on
cementite

Case II: Austenite nucleating in ferrite grain flanking on cementite
Case I11: Austenite nucleating at edges of ferrite grain boundaries
(F: ferrite, C: cementite, y: austenite, ¢ : boundary between fer-
rite grains, o_: ferrite/austenite interface, 6 : ferrite/cementite
interface, 0,5 austenite/cementite interface)

11
According to classical nucleation theories, steady-state nucle-

ation rate J." is expressed as follows: '

AG*)

J =N/pf'Zexp T (1)

Where N, is the density of nucleation sites, §" is the frequency fac-
tor, Z is the Zeldovich factor, & is the Boltzmann constant, and AG”
is the activation energy for nucleation. The values of AG™ were ob-
tained for Cases I to III. The following equations express AG” in
Cases I, II, and III, respectively:

. 64r |1 1 1 1\
86 =saeylro o gerge) @
. 64m (1 1 1y
AG = 3(AG) 2% 4% 4 % ©)
AG =17 (5 —0.4065 Y @
3(AG ) o T

Here, the symbols are as follows: AG, is the free energy change per
unit volume resulting from the transformation of the deformed fer-
rite-pearlite structure into austenite, which is the driving force for
austenitic nucleation; o, is the boundary energy between ferrite
grains; o_is the interface energy between ferrite and austenite; o, is
that between ferrite and cementite; and Ty is that between austenite
and cementite. The equilibrium concentrations of C and Mn in fer-
rite (to be explained later) and the value of AG were calculated us-
ing Thermo-Calc 2016 b (Thermodynamics Database TCFE8).

The value of AG  is different depending on the presence of ce-
mentite (Cases I and II) or its absence (Case III). In Cases I and II,
ferrite and cementite are adjacent to each other, and for this reason,
C and Mn are presumed to be easily distributed between the two
structures during heating. Their distribution is supposed to follow
orth-equilibrium in the present study, and in Case III, the concentra-
tions of C and Mn in ferrite during heating, to be unchanged. Note
that the specimen sheets were prepared by holding at 873 K for 1 h,
as explained in Sub-section 2.1. Accordingly, the concentrations of
C and Mn were supposed to be equal to their equilibrium concentra-
tions on the ferrite side of the ferrite-cementite interface at 873 K;
the concentrations of C and Mn are calculated at 0.0020 and 1.6
mass%o, respectively.

Next, the assumptions for the present study under which austen-
ite nucleates from ferrite in Cases I to III are explained. The first as-
sumption is that C and Mn are distributed between the ferrite matrix



NIPPON STEEL & SUMITOMO METAL TECHNICAL REPORT No. 120 DECEMBER 2018

Ferrite

Austenite

Gibbs energy

Concentration

Fig. 8 Schematic illustration of driving force for austenite nucleation
from ferrite matrix

and austenite nuclei. The second assumption is that the concentra-
tions of C and Mn in austenite nuclei are determined such that the
difference in the Gibbs energy between the ferrite matrix and the
austenite nuclei is largest, or that the gradient of the Gibbs energy
curve in the austenite nuclei is equal to the same in the ferrite phase,
as by the parallel tangent rule;* > AG is the difference in the Gibbs
energy. Figure 8 is a schematic representation of the case in which
austenite nucleates from the ferrite matrix. Here, the ordinate repre-
sents the Gibbs energy, and the abscissa the solute concentration, the
black curve is for ferrite and the red curve for austenite, and the sol-
ute concentration in ferrite is ¢, and that in austenite nuclei c,.

The grain boundary energy of ferrite was set at ¢ = 0.77 J/m?**¥
the interface energy between ferrite and austenite at a =0.72 J/m?,
the same between ferrite and cementite at g, ,= 0.71 J/m2 and that
between austenite and cementite at o, = 0.67 J/mz 25.26)

2.3.3 Analysis result of preferential nucleatlon sites for austenite

Figure 9 shows the calculation results of AG, (the driving force
for austenitic nucleation) in Cases I, I, and III; the ordinate repre-
sents the absolute value of AG, the abscissa the temperature, the
solid line corresponds to Cases I and II, and the dotted line to Case
II1. Ferrite, austenite, and cementite are in an equilibrium at 927 K
or above and austenitic nucleation can occur in Cases I and II. In
Case 1III, on the other hand, AG_ becomes negative and austenitic
nucleation can occur at 1032 K or above. The graph shows that the
absolute value of AG, is larger in Cases I and II than in Case III at
any temperature. This means that when C and Mn are distributed
between ferrite and cementite, the nucleation driving force increases
on the ferrite side of the interface between the two, and austenitic
nucleation is accelerated.

Figure 10 shows AG", the activation energy for austenitic nucle-
ation, in Cases I and II; the ordinate represents AG”, the abscissa the
temperature, the circles the calculation results for Case I, and the tri-
angles those for Case II. The graph shows that AG" decreases with
higher temperature in both Cases I and II, and the value of AG™ of
Case L is less than a half that of Case II at any temperature. Note that
in Case [ AG" is 1.3x 107 J at 1110 K (Ac,), which indicates that
cementite on high-angle grain boundaries serves as the preferential
nucleation sites for austenite. Moreover, cementite increases the
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Fig. 9 Relationship between driving force for austenite nucleation and
temperature

(Fe-0.1 mass% C-2.0mass% Mn alloy)
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Fig. 10 Relationship between activation energy for austenite nucleation
and temperature
(Fe-0.1 mass% C-2.0 mass% Mn alloy)

driving force for austenite nucleation, and high-angle grain boundar-
ies of ferrite decrease the driving force. This means that preferential
nucleation sites for austenite are influenced by both cementite and
high-angle grain boundaries.

The reason why AG" is smaller in Case I than in Case II is pre-
sumably as follows: when austenite nucleates in Case I, the grain
boundary between ferrite grains F(1) and F(2) shown in Fig. 7 dis-
appears, and as a result, the decrease in free energy due to the nucle-
ation is greater in Case I than in Case II. When a ferrite-ferrite grain
boundary and a ferrite-cementite interface meet to form an edge as
in Case I, austenite nucleates more easily. The calculation result
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shown in Fig. 10 explains the structural observation of Fig. 6, and
cementite inside austenite grains is presumed to be located at high-
angle grain boundaries of ferrite.

As stated earlier, austenite nucleated at 998 K and the nucleation
sites were principally the high-angle grain boundaries of ferrite.
This type of nucleation is classified as Case I. On the other hand, the
austenite that formed inside ferrite grains of the specimens heated to
1028 K is considered to result from the nucleation of Case II, be-
cause, according to the equilibrium calculation, AG is 0 in Case IIL
From Fig. 9, the value of AG" at 998 K is 1.5 107"* J in Case I, and
3.9x107% J in Case II. When the temperature rises from 998 to
1028 K, the value of AG” of Case II falls to 1.7x 1075 J, very close
to that in Case I at 998 K. As the above shows, the austenitic nucle-
ation temperature of an Fe-0.1 mass% C-2.0 mass% Mn alloy falls
by 30 K owing to the nucleation acceleration effect of high-angle
grain boundaries. It has thus been clarified that theoretical analysis
of austenitic nucleation by calculation provides a good explanation
of the results obtained through tests.

3. Conclusion

To clarify what serves as the preferential nucleation sites for
austenite, we investigated the structural evolution processes during
continuous heating using specimens of the deformed ferrite-pearlite
structure of an Fe-0.1 mass% C-2.0 mass% Mn alloy. At 998 K,
97% of the austenite grains formed at high-angle grain boundaries
of ferrite, the remaining 3% at low-angle grain boundaries in pearl-
ite, and austenite did not form inside ferrite grains. At 1028 K, in
contrast, austenite was found to have newly formed inside ferrite
grains. Thermodynamic calculation deems that austenitic nucleation
at 1032 K or below requires cementite. This means that cementite at
the high-angle grain boundaries serves as the preferential nucleation
sites for austenite.

According to calculations based on classical nucleation theory,
when cementite is located at high-angle grain boundaries of ferrite,
the activation energy for austenitic nucleation at 998 K is 1.5x 10719
J. When it is located inside a ferrite grain, on the other hand, the ac-

tivation energy is 3.9x 107"° J. High-angle grain boundaries of fer-
rite, therefore, decrease the activation energy for austenitic nucle-
ation, and thus accelerate the nucleation. In addition, according to a
calculation regarding the specimen alloy, the effect of the high-angle
grain boundaries of ferrite to accelerate austenitic nucleation lowers
the austenitic nucleation temperature by 30 K, which agrees with the
experimental observation.
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