
Investigation of Austenite-to-Ferrite Transformation
in Ultralow and Low-Carbon Steel Using High-Speed
Quenching Dilatometry and Thermokinetic
Simulation

F. IMTIAZ and E. KOZESCHNIK

The isothermal austenite decomposition kinetics is studied in 0.004 wt pct C ultralow carbon
(ULC) and 0.11 wt pct C low-carbon (LC) steel using high-speed quenching dilatometry.
Standard samples of these steels are heated to austenitization temperatures of 1223 K and
1373 K (950 �C and 1100 �C) and then quenched to testing temperatures between 1163 K and
933 K (890 �C and 660 �C). The measured and calculated austenite-to-ferrite phase fractions are
compared with dilatation values to analyze the ferrite nucleation and growth conditions during
austenite decomposition. Ferrite evolution profiles are assessed to investigate the underlying
growth kinetics. The analysis in ULC steel shows regimes of partitionless, partitioning, and
two-stage transformation kinetics. In contrast, LC steel shows only diffusion-controlled
transformation kinetics. The experimental results are well reproduced with thermokinetic
calculations, thus supporting our interpretation of governing mechanisms during
transformation.
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I. INTRODUCTION

THE decomposition of austenite can give birth to a
variety of industrially important morphologies such as
ferrite, bainite, and martensite. Therefore, the kinetics of
austenite decomposition is of immediate relevance to the
metal processing industry. The kinetics is dependent on
the phase transformation mechanisms, which play a
pivotal role in microstructure-forming processes that
tune these morphologies. The austenite (c)–to–ferrite (a)
transformation is one of the most complex of these
processes.

Commonly, long-range diffusion-controlled as well as
martensitic and massive transformation mechanisms are
operative in steels. Long-range diffusion-controlled
transformation occurs at low cooling rates, because
these rates allow for equilibrium partitioning of (inter-
stitial) alloying elements, such as carbon (C), during
phase separation. Bhadeshia[1] and Christian[2] charac-
terize the austenite-to-ferrite transformation as a part of
reconstructive transformation mechanisms. Martensitic
transformations occur at high cooling rates, because
substantial diffusion during phase separation is practi-
cally suppressed. Experimentally, these high cooling
rates are obtained by rapidly quenching the austenite to

room temperature. At intermediate cooling rates, either
the massive or the two-stage transformation mechanism
is operative. The massive transformation also does not
involve any partitioning of alloying elements. The
product phase (a) inherits the chemical composition of
the parent phase (c) and is characterized by a
microstructure with the typical appearance of ‘‘massive
grains.’’ In the two-stage transformation observed in the
present work, phase separation proceeds in two stages.
Either the first stage can proceed without partitioning or
vice versa, depending on the cooling rates.
Massalski[3] investigated the massive transformations

in iron and its alloys at intermediate cooling rates, i.e., at
cooling rates high enough to avoid long-range diffu-
sion-controlled transformations and, at the same time,
not high enough to allow for martensitic transforma-
tions. Bibby and Parr[4] studied the effect of cooling rate
on the mechanism of austenite-to-ferrite transformation
in ultralow carbon (ULC) steel using a gas quench unit
with supersonic gas velocities for obtaining cooling rates
in excess of 35,000 K/s. They plotted the transformation
start temperature as a function of cooling rate and
observed that the trend follows a two-plateau behavior.
The plateau, which was obtained at medium cooling
rates up to 5000 K/s and higher transformation start
temperature, was attributed to the massive transforma-
tion of ferrite, whereas the reaction observed at lower
transformation start temperature and higher cooling
rates in excess of 35,000 K/s was attributed to the
martensitic transformation. In similar materials,
Kozeschnik and Gamsjäger[5] and Liu et al.[6,7] reported
a two-stage transformation mechanism at cooling rates
smaller than 700 K/s using dilatometry.
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In the present work, we (1) improve the quenching
rates compared to the previous analysis using a high-
speed quenching dilatometer, but we also (2) apply an
alternative and more general thermokinetic approach
(MatCalc) to interpret the experimental results. For the
investigation of the austenite-to-ferrite transformation
in ULC and low-carbon (LC) steels, cooling rates of 900
to 3400 K/s are obtained with thin-walled hollow
cylindrical samples along with optimized He-jet valve
opening times. Simultaneously, for comparison, the
same study is also carried out for solid cylindrical
samples of LC and ULC steel at constant 40 K/s.

The measured dilatation profiles exhibit, typical
massive, two-stage and diffusion-controlled transforma-
tion characteristics.[8] In order to assess the ferrite
nucleation and growth conditions, measured and calcu-
lated onset temperatures and their corresponding dilata-
tion are compared. The dilatation profiles are used for
calculation of ferrite fraction evolution profiles. Ther-
modynamic and kinetic calculations are performed for
orthoequilibrium (OE), paraequilibrium (PE), or mas-
sive nucleation conditions. In addition, phase transfor-
mation simulations based on different growth models
are carried out and compared to the measured trans-
formed ferrite fractions to aid in interpretation of the
experimental results.

II. EXPERIMENTAL

The chemical composition of the ULC and LC steels
of industrial quality used in the present study in the
as-received condition is shown in Table I. The chemical
composition is obtained by spark erosion optical spec-
troscopy. The experiments are performed in a BÄHR
(805A) high-speed quenching dilatometer (BÄHR Ther-
modynamics, Hüllhorst, Germany). The size of the
samples conforms to the standard dimensions suggested
in the specifications for dilatometric investigations[9]

(Figure 1). The heat treatment cycle is shown in
Figure 2.

The specimens are heated at a rate of 100 K/s to
austenitization temperatures (Taus) of 1223 K and
1373 K (950 �C and 1100 �C), and soaked for 300
seconds at 1223 K (950 �C) and 600 seconds at 1373 K
(1100 �C) with the purpose of varying the austenite
grain size before testing. They are then quenched in a
He-jet to their isothermal (IT) annealing temperatures.
In the hollow samples, an inward hole of approximately
3.6 mm is drilled to reduce the wall thickness and to
increase the quenching speed. In the dilatometer, the
conventional top surface He-jet is equipped with an
additional nozzle, spraying He also onto the interior
walls and quenching them simultaneously with the outer

surface. The experiments are performed according to
standard A 1033-04[10] with temperature undershoots
smaller than 20 K and stable thermal profiles within a
time period of 2 seconds after reaching the IT annealing
temperatures.
For the solid cylindrical samples, maximum cooling

rates of approximately 40 K/s are obtained. In the case
of hollow cylindrical samples, maximum cooling rates
between 900 and 3400 K/s are achieved in the dilatome-
ter by applying the maximum He pressure possible with
the equipment and by optimizing the opening time of
the fully opened valve to reach the IT temperature. The
corresponding values and the measured cooling rates are
summarized in Table II.
Previous work of Kozeschnik and Gamsjäger[5]

showed that austenite decomposition, in their experi-
ments and with similar quenching rates, can start in the
quenching segment before reaching the IT annealing
temperatures. Consequently, any thermal undershoots,
if present, would have significant influence on the
evaluation of the onset of austenite-to-ferrite transfor-
mation, which is why we carefully control the valve
opening times to avoid this effect. For solid samples of
alloys A and B and hollow samples of alloy B, the IT
annealing temperatures are reached without consider-
able undershoots and overshoots. The amounts of
undershoots and overshoots observed in the case of
thermal profiles of hollow samples of alloy A are shown
in Table III. The values of these undershoots and
overshoots are within the criteria set by the ASTM
standard.
In order to avoid possible effects of unwanted plastic

deformation during testing, the dilatometer push rods
are adjusted in such a way that they exert the minimum
force necessary to hold the samples securely between
them. Other uncontrolled effects are avoided by only
using fresh samples and by not reusing samples in
repeated testing sequences.
After holding for sufficient time at IT annealing

temperature to let the austenite-to-ferrite transforma-
tion complete, the specimens are quenched to room
temperature. The representative microstructures of both
alloys after performing the experiment are shown in
Figure 3.

Table I. Chemical Composition of Alloys A and B

Type of Steel Alloy Fe (Wt Pct) C (Wt Pct) Mn (Wt Pct) Si (Wt Pct)

ULC A 99.93 0.004 0.06 0.006
LC B 98.79 0.11 0.93 0.17

(a) (b)

4 mm

10 mm 10 mm

3.6 mm

Fig. 1—Standard dimensions of (a) solid cylindrical and (b) hollow
cylindrical samples.
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III. RESULTS AND THERMODYNAMIC
EQUILIBRIUM ANALYSIS

Experimentally measured thermal and dilatation pro-
files for hollow and solid cylindrical samples of alloys A
and B with an austenitization temperature of 1223 K
(950 �C) are shown in Figures 4 and 5. The profiles for
solid samples of alloys A and B with an austenitization
temperature of 1373 K (1100 �C) are shown in Figure 6.
Only those segments of the thermal and dilatation
profile associated with the quenching and austen-
ite-to-ferrite transformation after soaking at austeniti-
zation temperature are displayed. During quenching,
contraction and then expansion of the samples is
observed. Contraction corresponds to the dilatational
response of the sample to the quenching process, while

the apparent expansion is due to the volume change in
the course of the austenite-to-ferrite transformation.
To compensate for the effect of the residual thermal

undershoots and overshoots that remain even after
optimization of the valve opening times, a rather
pragmatic approach is used by comparing the measured
and calculated dilatation profiles. The calculated dilata-
tion profiles are obtained with the MatCalc software
package,[11,12] based on equilibrium thermodynamic
evaluation and using the density data of ferrite and
austenite as stored in the corresponding databases.[13–15]

These profiles are shown in Figure 7.
For the determination of measured onset tempera-

tures and dilatations, the method suggested in Reference
5 is adopted. The measured dilatations are obtained

Fig. 2—Heat treatment cycles used for (a) hollow cylindrical and (b) solid cylindrical samples.

Table II. Optimized Valve Opening Times to Reach the IT Temperatures and the Maximal Cooling Rates for the Hollow
Cylindrical Samples of Alloys A and B

Alloy
IT Temperature [K (�C)] Optimized Valve

Opening Time (ms)
Obtained Cooling
Rates (K/s)Taus = 1223 (950)

A 1163 (890) 18 900
1153 (880) 20 1000
1143 (870) 26 1850
1133 (860) 25 1500
1123 (850) 31 2700
1053 (780) 50 3400

B 1033 (760) 56 2500
993 (720) 71 2600
933 (660) 83 3000

Table III. Values of Undershoots and Overshoots Observed in the Thermal Profile of Hollow Samples of Alloy A

Alloy IT Temperature [K (�C)] Undershoot (K) Overshoot (K)

A 1163 (890) 2.0 2.0
1153 (880) 1.0 2.5
1143 (870) 2.9 2.9
1133 (860) 2.3 6.4
1123 (850) 5.1 11.0
1053 (780) 0.0 25.0
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from the contraction part of the time vs dilatation
(Figures 4(b), 5(b), and 6(b)) profiles and compared to
the calculated temperature vs dilatation (Figure 7)
profiles to determine the corrected onset temperature.
The dilatation obtained for an IT temperature of
1123 K (850 �C), for instance, from the contraction
part of the measured dilatation profiles, is �13.5 lm.
Comparison of this contraction with the calculated

dilatation profile gives an onset temperature (Tons) of
1164 K (891 �C). The measured contractions and their
corresponding onset temperatures for alloy A are
summarized in Table IV.
For the computational analysis of the austen-

ite-to-ferrite onset temperatures and their corresponding
dilatations, three possible scenarios are considered (e.g.,
References 1 through 3 and 16 through 21).

Fig. 3—Representative microstructures of (a) alloy A and (b) alloy B after testing.

(a) (b)

(c) (d)

Fig. 4—Measured temperature and dilatation profiles for hollow samples of (a) and (b) alloy A and (c) and (d) alloy B obtained after austeniti-
zation at 1223 K (950 �C) for 300 s.
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(1) OE transformation, i.e., all alloying elements (C,
Mn, and Si) partition between austenite and
ferrite during transformation.

(2) PE transformation, i.e., partitioning of only
interstitial C is possible between austenite and
ferrite during transformation.

(3) Massive transformation, i.e., the To temperature
defines the threshold for the austenite-to-ferrite
transformation without redistribution of either
interstitial (i.e., C) or substitutional (i.e., Mn and
Si) alloying elements during transformation. The
product phase (ferrite) inherits the chemical
composition of the parent (austenite) phase.

The kinetics of transformation in the first two cases is
slow, because redistribution (partitioning) of alloying
elements requires time. The third case is characterized
by fast transformation kinetics, because it does not
involve any long-range diffusion of C or other alloying
elements.

The calculated OE, PE, and massive phase boundaries
and their corresponding dilatations (from Figure 7) for
the austenite-to-ferrite transformation are summarized
in Table V. The corresponding phase diagrams of alloys
A and B are shown in Figures 8 and 9, respectively.

When investigating the required dilatation below the
austenitization temperature that corresponds to a

certain equilibrium transformation temperature, we
identify a contraction of �10.1 lm (Table V) as the
minimum dilatation necessary before nucleation of
ferrite with equilibrium chemical composition can the-
oretically take place for alloy A. A minimum dilatation
of �11 lm (Table V) is required before nucleation of
ferrite in the massive mode can commence.
All dilatation profiles, for hollow samples as well as

for solid cylindrical samples, of alloy A and with an
austenitization temperature of 1223 K (950 �C) show
contractions exceeding 11 lm and an onset temperature
lower than 1175.4 K (902.4 �C). Similarly, the solid
cylindrical samples with austenitization at 1373 K
(1100 �C) also show more contraction than is required
for the equilibrium nucleation of ferrite. The onset
temperature was lower than 1175 K (902 �C) in all
cases. The onset temperature for hollow samples, as
shown in Table IV, does not decrease significantly with
increasing undercooling, which is an indication of the
massive nature of transformation. These results are in
line with the results of Kozeschnik and Gamsjäger.[5]

For alloy B, in all cases, the onset of ferrite formation
occurs after reaching the IT temperatures. The required
driving force for OE, PE, and massive conditions is
shown in Figure 10. At all IT temperatures down to
1033 K (760 �C), the driving force for massive

(a) (b)

(c) (d)

Fig. 5—Measured temperature and dilatation profiles for solid samples of (a) and (b) alloy A and (c) and (d) alloy B obtained after austenitiza-
tion at 1223 K (950 �C) for 300 s.
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nucleation is negative, which suggests that the transfor-
mation must occur under C partitioning. The dilatation
profiles obtained at IT temperatures of 993 K (720 �C)
and 933 K (660 �C) show more contraction than
required for massive nucleation. For example, a con-
traction of 44.2 lm would be required at an austeniti-
zation temperature of 1223 K (950 �C), and 78.7 lm is
required for 1373 K (1100 �C). We conclude that the
massive nucleation of newly formed ferrite is suppressed
due to the necessity of partitioning of C also at these
temperatures. At 993 K (720 �C), the driving force
available for massive nucleation is almost 97 J/mol. At
this temperature, the onset of ferrite formation appears
sluggish, thus indicating a diffusion-controlled transfor-
mation mechanism. This applies also for an IT temper-
ature of 933 K (660 �C), where the driving force for
massive nucleation is 315 J/mol. These issues are further
investigated later by computational phase transforma-
tion studies.

IV. THERMOKINETIC ANALYSIS

For further analysis of the transformation mechanism
responsible for austenite decomposition, the dilatation

profiles are converted to ferrite fraction profiles. For
convenience, the sample response from quenching, after
austenitization, to completion of austenite-to-ferrite
transformation is taken as threshold for zero and full
transformation. Temperature transients after comple-
tion of the transformation are not displayed. The
corresponding dilatation profiles of hollow samples of
alloy A are corrected according to the procedure
described previously. The corresponding curves are
shown in Figures 11 and 12.
For the thermokinetic simulations, the precipitation

kinetics module of the MatCalc software package[11,12] is
used. This software uses a fully predictive framework for
the description of the nucleation kinetics based on
classical nucleation theory and a general approach for
calculating the interfacial energies. Nucleation of ferrite
is assumed to occur at grain boundary corners.[1–5] In
addition to the calculation of effective interfacial
energies according to the Generalized Broken Bond
concept,[22–24] we take into account the removal of prior
austenite grain boundary area according to the Clemm
and Fisher treatment.[25] In our simulations, we observe
that the ferrite/austenite interfacial energies observed
under these conditions are extremely small and typically
on the order of 26.5 mJ/m2 for alloy A and 29.5 mJ/m2
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Fig. 6—Measured temperature and dilatation profiles for solid samples of (a) and (b) alloy A and (c) and (d) alloy B obtained after austenitiza-
tion at 1373 K (1100 �C) for 600 s.
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for alloy B. As a consequence, nucleation can occur
easily and with almost no undercooling.

Due to the difficulty of measuring the prior austenite
grain size in this type of material, we assumed it to be

equal to the resulting ferrite grain size at least for alloy
A. This assumption is supported by additional experi-
ments that were performed in a cyclic temperature
profile, where we used the same sample for repeated
austenite decomposition experiments. The results of

(a)

(b)

Fig. 7—Calculated equilibrium dilatation profiles of (a) alloy A and
(b) alloy B starting at an austenitization temperature of 1223 K
(950 �C) for the three transformation conditions considered in the
present work.

Table IV. Onset of the Austenite-to-Ferrite Transformations (Tons) and Their Corresponding Dilatations in Alloy A

Alloy A Taus [K (�C)] Target IT [K (�C)] DL (lm) Tons [K (�C)]

Hollow samples 1223 (950) 1163 (890) �11.6 1173 (900)
1153 (880) �11.2 1174 (901)
1143 (870) �12.1 1170 (897)
1133 (860) �11.8 1172 (899)
1123 (850) �13.5 1164 (891)
1053 (780) �18.0 1145 (872)

Solid samples 1223 (950) 1163 (890) �13.8 1163 (890)
1153 (880) �16.2 1153 (880)
1143 (870) �15.5 1156 (883)
1133 (860) �15.4 1156 (883)
1123 (850) �15.4 1156 (883)
1053 (780) �15.4 1156 (883)

Solid samples 1373 (1100) 1163 (890) �48.3 1163 (890)
1153 (880) �46.2 1172 (899)
1143 (870) �51.7 1148 (875)
1133 (860) �49.4 1158 (885)
1123 (850) �51.5 1149 (876)
1053 (780) �47.1 1168 (895)

Table V. Calculated OE, PE, and Massive Austenite-to-

Ferrite Phase Boundaries (T) and Their Corresponding
Dilatations (DL) for Alloys A and B

Alloy T [K (�C)]
DL (lm)

Taus = 1223 K (950 �C)

A 1180.2 (907.2), OE �9.9
1179.2 (906.2), PE �10.1
1175.4 (902.4), massive �11.0

B 1112.8 (839.8), OE �25.4
1098.4 (825.4), PE �28.7
1031.3 (758.3), massive �44.2

Fig. 8—Calculated equilibrium phase diagrams in OE and PE condi-
tions for alloy A.
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these experiments show that the ferrite grain size is
identical in all repeated tests, thus suggesting that the
prior austenite grain size is stationary in the course of
the cyclic tests from the first experiment on. The ferrite

grain size measured with the software ImageJ[26] is
59 lm. The original austenite grain size in alloy B
remains undetermined, because repeated testing shows
continuously decreasing ferrite grain sizes and, thus,
nonstationary prior austenite grain sizes.

Fig. 9—Calculated equilibrium phase diagrams in OE and PE condi-
tions for alloy B.

Fig. 10—Chemical driving force for nucleation in alloy B, calculated
in OE, PE, and for massive nucleation conditions.

(a)

(b) (c)

Fig. 11—Ferrite fraction evolution profiles of alloy A for (a) hollow samples with Taus of 1223 K (950 �C), (b) solid samples with Taus of 1223 K
(950 �C), and (c) solid samples with Taus of 1373 K (1100 �C).
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A. Alloy A

1. Hollow samples
Figure 11(a) shows that the austenite decomposition

kinetics in the hollow samples of alloy A in the ferrite
single-phase region [IT temperatures between 1143 K
and 1053 K (870 �C and 780 �C)] shows rapid transfor-
mation kinetics; i.e., the transformation finishes in less
than 100 ms. In all these samples, the transformation
starts during quenching and the reaction cannot be
suppressed even at the highest quenching rates achieved
in the experiments. We conclude that such a fast
transformation is only possible if it occurs without
long-range partitioning of C or any other alloying
element.

For substantiation of this statement, measured and
simulated diffusion-controlled and partitionless kinetics
for a sample quenched from 1223 K (950 �C) to the IT
temperature of 1053 K (780 �C) is shown in Figure 13.
Figures 13(b, c) clearly show that the calculated diffu-
sion-controlled kinetics (in PE condition) is not consis-
tent with the measured transformed ferrite fraction
kinetics. For the diffusion-controlled case, the Svo-
boda–Fischer–Fratzl–Kozeschnik model,[11,27] as imple-
mented in the MatCalc package and the MatCalc
mobility database,[28] is used.

In contrast, the calculated partitionless transforma-
tion kinetics reproduces the measured ferrite fraction
profile rather accurately. For the partitionless transfor-
mation, the same model is used as in the diffusion-con-
trolled case, however, with the velocity of the phase
boundary solely controlled by the intrinsic mobility of
the austenite/ferrite interface, expressed as

M ¼ M0 exp � Q

RT

� �
½1�

In the present analysis, M0 is taken as 5 9 10�4 mol
s kg�1 m�1 and the value of activation energy, Q, as
140 kJ mol�1.[29,30] The calculations are performed for a
ferrite grain size of 32 lm (Figure 13(c)).
In the two-phase region (Figure 11(a)), from IT

temperatures of 1153 K and 1163 K (880 �C and
890 �C), the results indicate a two-stage transformation
mechanism, where the control of reaction kinetics shifts
from fast (massive) to relatively slower (long-range
C-diffusion-controlled) kinetics. These results are in
accordance with the previous experiments performed by
Kozeschnik and Gamsjäger[5] in the two-phase austen-
ite-plus-ferrite region.

(a)

(b) (c)

Fig. 12—Ferrite fraction evolution profiles of alloy B for (a) hollow samples with Taus of 1223 K (950 �C), (b) solid samples with Taus of 1223 K
(950 �C), and (c) solid samples with Taus of 1373 K (1100 �C).
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In the analysis of heterogeneous nucleation, Clemm
and Fisher[25] showed that nucleation at grain boundary
corners can occur instantaneously even without the
necessity of overcoming a nucleation barrier by thermal
activation. In Figure 13(d), this effect is clearly reflected
in the observation that nucleation happens practically
instantaneously after crossing the phase boundary. This
effect is due to the removal of original grain boundary
area by the nuclei of the ferrite phase.

2. Solid samples
In the case of solid samples of alloy A, austenitized at

1223 K to 1373 K (950 �C to 1100 �C), two distinct
transformation regimes can be identified (Figures 11(b)
and (c)). At 1143 K to 1163 K (870 �C to 890 �C), the
evolution of ferrite fraction occurs with slower kinetics,
indicating that the transformation involves C partition-
ing. On the other hand, at IT annealing temperatures
from 1053 K to 1133 K (780 �C to 860 �C), the ferrite
profile evolution occurs under fast reaction kinetics,
suggesting a massive transformation mechanism.

The effect of austenitization temperature on the
transformation kinetics is rationalized by comparison
of the ferrite evolution profiles for annealing at 1223 K

and 1373 K (950 �C and 1100 �C), particularly at
temperatures from 1143 K to 1163 K (870 �C to
890 �C) (Figure 11). Presumably, larger austenite grains,
as a consequence of the higher austenitization temper-
ature of 1373 K (1100 �C), lead to slower transforma-
tion kinetics due to a reduced number of potential
nucleation sites for ferrite at the austenite grain bound-
aries and larger diffusion distances for C accompanying
ferrite growth.

B. Alloy B

Ferrite fraction profiles (Figure 12) of alloy B show
relatively slower kinetics in all cases. These profiles
indicate that the alloying element (i.e., C) partitions
during the transformation process. For validation, cal-
culations performed for PE nucleation and growth
conditions are shown in Figure 14. Additionally, parti-
tionless kinetics is also shown in Figure 14 for compar-
ison. Grain corners are assumed to be the most probable
nucleation sites. The nucleus composition (para C con-
tent) can be assessed from the phase diagram (Figure 9).
In the calculation, a sample of alloy B is quenched

from an austenitization temperature of 1223 K (950 �C)
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Fig. 13—(a) Cooling curve, (b) ferrite fraction, (c) mean radius, and (d) number of ferrite grains for the hollow sample of alloy A when quen-
ched from 1223 K to 1053 K (950 �C to 780 �C).
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to the IT annealing temperature of 993 K (720 �C)
(Figure 14(a)). Using PE conditions and the assumption
of a diffusion-controlled transformation, the MatCalc
simulation closely reproduces the experimentally mea-
sured transformed ferrite fraction (Figure 14(b)). The
measured grain size is 16 lm. The simulated evolution
of the half grain size is shown in Figure 14(c). The
predicted interfacial energy of 36.2 mJ/m2 is slightly
modified to 29.5 mJ/m2 to obtain the experimentally
observed half grain size after completion of the trans-
formation, which is basically determined by the density
of ferrite nuclei.

V. SUMMARY

The IT austenite decomposition kinetics is studied in
ULC steel with wc = 0.004 pct C and LC steel with
wc = 0.11 pct C using a high-speed quenching dilatome-
ter. Two types of cooling rates, i.e., maximum cooling
rates between 900 K/s and 3400 K/s as well as 40 K/s,
are used. The highest cooling rates are achieved for
hollow cylindrical samples such that the He-jet

simultaneously quenches the internal and external walls
of the samples.
In the two-phase a plus c region, the ULC steel shows a

characteristic two-stage transformation, with the transfor-
mation starting off in partitionless mode. In the second
stage, the transformation kinetics is controlled by long-
rangediffusionofC. In the single-phase region [i.e., 1053 K
to 1133 K (780 �C to 860 �C)], all samples show entirely
partitionless growthkinetics in response to cooling rates up
to 3400 K/s. The calculated (i.e., 26.5 mJ/m2) ferrite/
austenite interfacial energy for planar sharp interfaces
indicates that nucleation is easy and occurs with almost no
undercooling. Taking into account the reduction of
interface energy due to heterogonous nucleation at the
grain boundary edges and corners further facilitates the
rapid nucleation, which is observed experimentally.
In the simulations, the pre-exponential factor is taken

to be 5 9 10�4 mol s kg�1 m�1 and the activation
energy is 140 kJ mol�1. In the solid samples, the growth
kinetics is controlled by partitioning of C in the
two-phase c and a regions. In the single-phase a region,
we observe diffusion-controlled growth at higher tem-
peratures. At lower temperatures, these samples show a
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Fig. 14—(a) Cooling curve, (b) ferrite fraction, (c) mean radius, and (d) number of ferrite grains for the hollow sample of alloy B when quen-
ched from 1223 K to 993 K (950 �C to 720 �C).
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two-stage or entirely partitionless massive transforma-
tion mechanism.

In comparison, in the LC steel samples, only diffu-
sion-controlled transformation kinetics is observed irre-
spective of the quenching rate. Calculations indicate that
the most probable nucleation sites are grain boundary
corners, and only a minor correction of the predicted
interfacial energy is required to reproduce the experi-
mentally measured transformed ferrite fraction.
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