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The influence of carbon concentration variations on pearlite formation (20 h at 600 °C) in a case-
carburized steel is investigated. The resultant microstructure shows three distinct regions: carburized
case, a transition region, and the original core. The microstructural transition from the case to the core
regions is observed to be relatively sharp. The investigated region of the carburized case (0.9 wt.% C) con-
tains two types of pearlite: ferrite + cementite and ferrite + M,3Cq, where the pearlitic aggregate with
M,3Cs shows faster formation kinetics. The kinetics of pearlite formation in the transition region (0.3 wt.%
C) is very slow and is observed with only M»3Cg carbide. Only around 40% austenite decomposes into
pearlite in the transition region, which, in comparison to the carburized case region of 0.9 wt% C is a
fraction that is lower by a factor of two. Pearlite is absent in the investigated core region (0.16 wt.% C).
The microstructure in this region is predominantly martensite and pro-eutectoid ferrite, with a fraction of
ferrite well below the equilibrium fraction. Ferrite formation in this region is limited by the redistribution
of mainly Ni, Mn, and Cr, and their resulting solute drag effect on the austenite/ferrite interface. A ther-
modynamic and kinetic argumentation of these observations is provided with the help of thermodynamic

data, precipitation simulations, and a general mixed-mode Gibbs energy balance model.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Case carburization is a widely applied heat treatment on steel
components that operate in fatigue-prone environments. The car-
bon diffusion during the carburization process induces a concen-
tration gradient. Appropriate heat treatment of steels with such
carbon concentration gradients results in a hard case and a ductile
core. Additionally, carburized components are characterized by sig-
nificant compressive residual stresses at the surface and high frac-
tions of retained austenite in the case regions [1,2,3]. These factors
have been reported to enhance the fatigue properties and hence
the service life of carburized parts [1,2,4,5].

For large-sized components such as the main-shaft bearings
of wind turbines, a martensitic matrix with case depths exceed-
ing 3 mm is required to sustain the high service stresses and to
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avoid sub-surface microstructural damage. However, carburization
treatments to obtain such deep cases require prolonged holding at
high temperatures, which often results in coarse austenite grains.
Martensite formed from coarse-grained austenite, in comparison to
that formed from fine-grained austenite, has been reported to ex-
hibit lower strength and cleavage fracture resistance [6,7]. Further-
more, reduction in rolling contact fatigue life of bearing steels due
to coarse prior austenite grains is well documented in literature
[8,9,10,11]. Therefore, the conventional post-carburization proce-
dure of quenching followed by tempering is not adequate, in most
cases, for components with large case depth requirements.

One of the heat treatment strategies to eliminate the coarse
austenite grains formed during the carburization treatment is to
apply a subsequent pearlitic treatment before re-austenitization
and hardening. The pearlitic microstructure provides a high den-
sity of interfaces that act as favorable austenite nucleation sites
[12] during the subsequent re-austenitization treatment. This leads
to the refinement of austenite, which, on quenching, transforms
into a fine martensitic microstructure. This is an alternative grain

1005-0302/© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.jmst.2023.03.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2023.03.017&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:J.AbrahamMathews@tudelft.nl
https://doi.org/10.1016/j.jmst.2023.03.017
http://creativecommons.org/licenses/by/4.0/

JA. Mathews, H. Farahani, J. Sietsma et al.

Table 1

Nominal composition of the investigated steel (wt.%).
C Ni Cr Mo Si Mn P S Fe
016 33 14 02 04 055 0007 0.003 Bal

refinement strategy to the bainitic annealing treatment studied by
Mathews et al. [13].

In order to achieve optimal properties in carburized compo-
nents involving several stages, it is important to understand the
microstructure development in each of these stages. The current
study focuses on the microstructure formed in isothermal pearlitic
treatment after carburization. The characterization of microstruc-
ture developing in the pearlitic treatment is not only of fundamen-
tal interest but also has significant practical implications due to the
following reasons:

(1) During re-austenitization, the characteristics of the austenite
matrix, developed from the microstructure obtained during
the pearlitic treatment, contribute to the final properties of
the heat-treated steel. As austenite formation is a structure-
sensitive process [14,15], the microstructure from which it
forms plays an important role in determining the kinetics, grain
size, morphology, and the homogeneity of alloy distribution in
austenite.

Due to economic and environmental reasons, it is preferred to
apply the shortest carburizing time to achieve the required case
depth. This comes with the risk of under-designing with respect
to case depth specifications. Under such instances, microstruc-
ture analysis of the intermediate stages of heat treatment, like
the pearlitic treatment investigated in this study, is useful to
ascertain the reliability of the applied carburization process pa-
rameters.

For steels that undergo intermediate heat treatments after car-
burization, the presence of carbon gradients dictates the ki-
netics of subsequent phase transformations. Since the driving
force for phase transformation varies with depth below the
carburized surface, different decomposition products of austen-
ite can be obtained along this depth. In the instance of a
sharp microstructural transition, the surrounding regions will
be subjected to stress concentration. If such sharp microstruc-
tural transitions occur within a load-bearing region and are not
eliminated in subsequent heat treatment stages, they can have
a detrimental impact on the performance of carburized com-
ponents. Therefore, the microstructure analysis after pearlitic
treatment is needed to rectify any unforeseen anomalous mi-
crostructure development.

—~
w
—

The present work explores the microstructure development
during the isothermal pearlitic treatment of a case-carburized
steel. Microstructures corresponding to various carbon concentra-
tions in the case, transition, and core regions are experimentally
investigated. The rationale behind the experimental observations is
elucidated with the help of equilibrium phase calculations, precip-
itation simulations, and a general mixed-mode Gibbs energy bal-
ance (GEB) model [16].

2. Material and experimental methods
The investigated alloy is steel used for large bearings in wind
turbines. The chemical composition of the as-received steel is

shown in Table 1.

2.1. Heat treatment

The as-received sample was case-carburized, followed by an
isothermal pearlitic treatment (IPT), as schematically shown in
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Fig. 1. A copper stop-off paint was applied on 5 of the 6 sides of
the sample prior to the heat treatment to allow carbon diffusion
into the required side only. The sides painted with copper will not
uptake carbon. This is illustrated in the inset in Fig. 1. Carburiza-
tion treatment (CT) was carried out employing a boost & diffuse
treatment in an atmosphere of endogas and methane for 60 h. In
the boost phase, the sample was carburized at a carbon potential
(Cp) of 1.2 at 980 °C for 40 h. Thereafter, the temperature was re-
duced to 970 °C and a lower Cp, 0.8, was applied for the remaining
20 h of the carburization treatment, called the diffuse phase. After
the carburization treatment, the sample was transferred into a fur-
nace that was stabilized at 600 °C in a protective N, atmosphere,
and isothermally treated for 20 h. This treatment is referred to as
isothermal pearlitic treatment (IPT), after which the sample was
quenched in hot water (60 °C). The estimated time to transfer the
carburized sample into the second furnace is 120 s, and the cooling
rate from 970 °C to 600 °C is ~ 0.5 °C/s.

2.2. Specimen sampling

The heat-treated sample was cut using electrical discharge
machining to obtain cross- sectional and lateral specimens as
schematically shown in Fig. 2. The cross-sectional specimen, of di-
mensions 8 x 1 x 13 mm3 (x x y x z), contains the entire carbon
gradient arising from the carburization treatment z-direction. Lat-
eral specimens of dimensions 10 x 3 x 1 mm3 (x x y x z) were
cut from different depths, 1, 5 and 9 mm from the carburized sur-
face, and were investigated in the x-y plane (plane of uniform car-
bon content).

2.3. Experimental procedure

Microstructural analyses were made using optical and electron
microscopes. Optical microscopy was performed using a Keyence
VHX-6000 microscope enabled with a 2D stitching function. Wide-
area optical micrographs (OM) were obtained by capturing multi-
ple images of the specimen while moving the specimen via the
stage in a serpentine motion. Scanning electron microscopy (SEM)
images were captured using a JEOL JSM-6500F field emission gun
scanning electron microscope at an accelerating voltage of 15 kV.
The specimens for microstructural analyses were metallographi-
cally prepared and etched in 5% Nital solution.

Transmission electron microscopy (TEM) was performed on a
spherical-aberration corrected FEI Titan microscope operating un-
der 300 kV voltage and equipped with Thermo Scientific Ceta™
16 M camera for acquiring high-resolution electron transmission
microscope (HRTEM) lattice images. Elemental composition maps
were obtained from energy dispersive X-ray spectroscopy (EDX)
collected for each beam position in a scanning transmission elec-
tron microscopy (STEM) image using the super-X ChemiSTEM™
detectors. The crystal structure information was obtained from the
resulting Fourier transforms of HREM images and selected area
diffraction patterns (SADP). For TEM specimen preparation, the
material was mechanically thinned to 20 ym and further prepared
to electron transparency using Ar ion milling.

The volume fractions of the phases were determined by X-ray
diffraction (XRD) experiments using a Bruker D8-Advance diffrac-
tometer. Co Ko radiation was used in the 26 scan from 35° to 130°
with a counting time per step of 2 s and a step size of 0.035°
of 26. Data evaluation was made using Bruker's DiffracSuite EVA
software (version 6.0), Profex/BGMN. The volume fractions of the
phases were calculated using Rietveld refinement.

The carbon concentrations at various depths were measured on
the cross-sectional specimen using Electron Probe Micro Analyser
(EPMA). The measurements were made with a JEOL JXA 8900R mi-
croprobe employing wavelength dispersive spectroscopy using an
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Fig. 1. Schematic representation of the heat treatment applied on the as-received sample. The inset illustrates the sides painted with the copper stop-off paint prior to the

heat treatments.
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Fig. 2. Schematic of the specimen sampling after the heat treatments.

electron beam energy of 10 keV and a beam current of 100 nA.
The carbon concentrations at each depth are quantified from the
measurements along a line of 850 nym with points separated by a
distance of 5 pm. The composition at the location of analysis was
determined using the X-ray intensities of the constituent elements
after background correction relative to the corresponding intensi-
ties of the reference materials. The intensity ratios thus obtained
were processed with a matrix correction program CITZAF [17]. The
suppression of the deposition of carbonaceous substances on the
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sample surface and the removal of surface-adsorbed species that
can interfere with the measurement accuracy was ensured by ap-
plying an air jet during the measurement. Consequently, a high-
precision carbon measurement is made, with a low counting error
of 0.02 wt.% for the spectral line of carbon.

Vickers hardness measurements were made on a Dura-scan 70
(Struers) hardness tester applying a load of 9.8 N for a dwell time
of 10 s. At least 10 measurements were made to calculate the av-
erage hardness.
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Fig. 3. Microstructural, hardness, and carbon gradients from the case to the core regions after IPT, viewed in the cross-sectional plane. Schematics of the locations of
specimens Zcase, Ztran, and Zeore are also provided. The shaded regions of these lateral specimens represent the plane of investigation.

3. Results

The resulting microstructures vary as a function of carbon con-
centration from the carburized surface to the bulk. An overview
of these microstructures is provided in Section 3.1 by analysing
the cross-sectional specimen, followed by the analyses of the mi-
crostructures of lateral specimens containing 0.9 wt% C, 0.3 wt%
C, and 0.16 wt.% C (refer to Fig. 2). These specimens are hereafter
called Zzcase, Ztran, and Zeore, respectively. The microstructural anal-
yses of these specimens are provided in Sections 3.2.1, 3.2.2, and
3.2.3, respectively.

3.1. Cross-sectional analysis of the microstructure

Microstructure, hardness, and carbon gradients in the cross-
sectional plane after IPT is shown in Fig. 3. Three regions are
distinguished: case, transition, and core. Case region is speci-
fied in this study, according to the definition in [18], as the re-
gion below the carburized surface to the carbon content attain-
ing 0.3 wt.%. Accordingly, the case region extends up to a depth of
5 mm. The carbon concentration in the case, measured by EPMA,
ranges from 1 wt% to 0.3 wt%. The case microstructure is
pearlitic, and its hardness values are observed to decrease as a
function of carbon concentration from 350 + 8 HV at 1 wt.% C
to 235 &+ 10 HV at 0.3 wt.% C. The transition region, defined ac-
cording to the microstructure, is a narrow zone (~ 0.5 mm) be-
low 5 mm from the carburized surface and has a carbon content
of around 0.3 wt%. The microstructure in this region is a mix-
ture of pearlite and martensite. This region is indicated within the
dashed lines in Fig. 3. Its hardness is 235 + 10 HV. Below the
transition region is the core. The carbon concentration in the core
varies from ~ 0.3 wt% to 0.16 wt.%. The core microstructure is
predominantly martensitic with pro-eutectoid ferrite bands (for in-
stance within the rectangle in the micrograph of Fig. 3). The hard-
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ness just below the transition region is ~ 250 HV higher than
the transition region. A gradual decrease in hardness is observed
within the core region until ~ 8 mm, below which the carbon
concentration and the hardness values do not vary significantly.
The high hardness of the core region stems from the martensitic
microstructure.

The carbon contents of the lateral specimens used in this study
are quantified from the EPMA measurements made on the cross-
sectional specimen. A schematic of the specimens zcase, Ztran, and
Zcore 1S shown in Fig. 3. The thickness of these specimens is 1 mm,
and they are cut from a depth of 1, 5 and 9 mm, respectively, from
the carburized surface. It is emphasized that carbon redistribution
may occur during the 20 h of isothermal treatment. Assuming a
negligible carbon redistribution during the cooling phase from car-
burization, a preliminary quantification was made using EPMA to
compare the carbon gradient shown in Fig. 3 with that of a sam-
ple that was carburized and quenched. The results showed that the
carbon redistribution was not significant, falling within the exper-
imental errors.

3.2. Microstructural analyses of lateral sections

The analyses and the quantification of the various phases for
09 wt% C, 0.3 wt.% C, and 0.16 wt.% C are performed by inves-
tigating the lateral specimens Zcase, Ztran, and zcore (dark surfaces
indicated in Fig. 3), respectively. The results are discussed in this
section.

3.2.1. Specimen Zzggse

The volume fractions of phases present in specimen zcyse quan-
tified from XRD analysis are 86 + 1 vol.% of BCC that represents
ferrite (o), 8 £ 1 vol.% of My3Cg, and 6 + 1 vol% of cemen-
tite (0). A comparison of the measured and equilibrium phase
fractions (at 600 °C) is shown in Fig. 4(a). The measured frac-



JA. Mathews, H. Farahani, J. Sietsma et al.

Ferrite
Cementitefgs™
Equilibrium fractions
M,,C, i at600 ‘C (ThermoCalc)
, 'l Measured fractions (XRD)!
Austenite
0 20 40 60 80 100

Phase fraction (%)

Journal of Materials Science & Technology 160 (2023) 66-75

Fig. 4. Microstructural characterization of specimen zse. (a) A comparison of the measured (XRD analysis) and equilibrium phase fractions (using Thermo-Calc at 600 °C).
The volume fractions of the phases measured using XRD have an error of + 1 vol.%. (b) Optical and (c) scanning electron micrographs showing the various microstructural

constituents. P: pearlite, M: martensite, and C: carbide.

tions of My3Cg and @ are significantly different from the equi-
librium phase fractions calculated using Thermo-Calc: 13% 6 and
1% My3Cg, in which the equilibrium distribution of metal atoms,
'M’, in the sublattice sites are predominantly Fe and Cr. Addition-
ally, Thermo-Calc predicts 3% austenite (y) at 600 °C. However,
FCC peaks that represent y were not detected in the diffraction
analyses. This indicates either its complete absence or a volume
fraction below the X-ray detection limit (=~ 1 vol.%). The marten-
site start temperature (Ms) for the equilibrium composition of
y in specimen zese is 64 °C, predicted from Andrews equation
[19]. Therefore, the room-temperature microstructure may contain
martensite. However, the peaks of martensite (distinguishable from
ferrite because of the tetragonality in the lattice structure due
to a high carbon content [13]) were not observed in the XRD

patterns.

Microstructure characterization of specimen z.se using optical
microscopy shows pearlite with a few regions of martensite (1%
area). The prior austenite grain boundaries are decorated with car-
bides. These microstructural constituents are indicated in Fig. 4(b).
The morphology of pearlite is shown in Fig. 4(c). Various pearlite
colonies with orientation differences in the alternate lamellae of
o and carbide can be observed. Although XRD analysis reveals the
presence of & and M,3Cg in specimen zcsse, differentiation between
the two types of carbides cannot be made from these microscopy
analyses.

The identification of the type of carbides present in pearlite was
made using TEM by obtaining the crystal structure information
from the selected area diffraction patterns. The carbides present at
the prior austenite grain boundaries were characterized by taking
the Fast Fourier transforms (FFT) from the high-resolution Trans-
mission Electron Microscope (HRTEM) images. The results, Fig. 5,
show that the pearlitic carbide structure of specimen zcse is a
mixture of & and M,3Cg. Both these carbides are also present at
the prior austenite grain boundaries. The encircled regions in the
TEM micrographs in Fig. 5 (a-d) are the regions from where the
crystal structures of the carbides were characterized. Diffraction
patterns of the pearlitic carbides from regions 1 (Fig. 5(a)) and 2
(Fig. 5(b)) are shown in Fig. 5(e) and (f), respectively. Inevitably,
diffraction patterns of the surrounding matrix were collected at
the same time. The reflections marked in yellow are from «-Fe
planes and the weak reflections (marked in white) are from the
carbide lamellae. From the diffraction analyses, it is inferred that
the pearlitic carbide in region 1 has a cubic structure pertaining to
My3Cg (zone axis [1 1 0]), whereas that from region 2 has an or-
thorhombic structure pertaining to € (zone axis [3 2 0]). Regions 3
and 4 in Fig. 5(c) and (d) show the carbides that were character-
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ized from the prior austenite grain boundaries. The FFT of HRTEM
images from these locations are shown in Fig. 5(g) and (h). The FFT
from region 3 fits M,3Cg carbide (zone axis [9512]), whereas that
from region 4 fits 6 (zone axis [2 0 1]).

3.2.2. Specimen Zgn

The microstructure of specimen zan, from the transition region
(0.3 wt.% C), is a mixture of pearlite and martensite, as shown
in Fig. 6(a-c). The area fraction of pearlite was calculated from
Fig. 6(a) as 0.4 using image analysis with the software Image]. The
remaining fraction, which is martensite, does not have a spatial
distribution resembling microstructural bands (pearlite-martensite)
despite the inherently present chemical segregation bands (width
~ 400 pm) of Ni, Cr, Mn, Mo, and Si [13]. The prior austenite
grain boundaries are devoid of pro-eutectoid products as shown
in Fig. 6(b). Pearlite that has grown from the grain boundaries into
the grain can be observed, as indicated by the arrow in Fig. 6(b).
The SEM micrograph shown in Fig. 6(c) shows the morphology of
the pearlite in specimen zan. The morphology of the carbides is
different from those observed in specimen z.ase (refer to Fig. 4(c)):
fragmented, discrete, and having a larger interlamellar spacing.
XRD analysis shows 98 (+1) vol.% of BCC and 2 (+1) vol% of
M;3Cg. Note that a distinction between the pearlitic ferrite (BCC)
and martensite (BCT) was not made from the XRD analysis due to
the lack of tetragonality in the martensite crystal lattice, which re-
sults in ferrite-martensite peaks overlapping. During the Rietveld
fitting of the diffraction pattern of specimen z,, martensite (BCT)
was therefore excluded in the determination of the volume frac-
tions. Peaks corresponding to y-FCC or cementite are not detected,
indicating volume fractions below 1 vol.%. From the XRD analysis,
it is interpreted that the carbides present in pearlite in specimen
Ztran, Fig. 6(c), are My3Cg.

3.2.3. Specimen Zcore

The microstructure of specimen Zzee is predominantly marten-
site. Ferrite is present at the prior austenite grain boundaries, ap-
pearing in the form of non-continuous bands as indicated by ar-
rows in Fig. 7(a). The area fraction of ferrite was calculated from
Fig. 7(a) as 7% using Image]. The width of ferrite grains is less than
~ 20 um, inferred from Fig. 7(b). XRD analysis of specimen zcore
shows a fully BCC structure with no detectable peaks of y-FCC,
M;3Cg, or cementite. The tetragonality of martensite in this mi-
crostructure, as in specimen zian, appears to be too low to detect
reliably. Hence, martensite peaks are not distinguishable from fer-
rite.
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Fig. 5. TEM characterization of the carbides present in specimen zc.s. (a) HRTEM and (b) bright field image of the pearlitic carbides, indicated as 1 and 2. The diffraction
patterns collected from the encircled regions 1 and 2 are shown in (e) and (f), respectively. (c) and (d) show the bright field images, where 3 and 4 show the carbides at
the prior austenite grain boundaries. The FFT of the HRTEM images taken from regions 3 and 4 are shown in (g) and (h).

Fig. 6. (a, b) Optical and (c) scanning electron micrographs of specimen z,, show-
ing the various microstructural constituents. P: pearlite, M: martensite, and GB: y [y
grain boundary.

Fig. 7. (a) and (b) are the optical micrographs of specimen Zzcoe. F: ferrite and M:
martensite.

4. Discussion
4.1. Microstructure formation in the case region

Phase transformations preferentially begin at the prior austen-
ite grain boundaries due to the grain boundary energy being anni-
hilated during nucleation [20]. The observation of cementite and
M;3Cg (Fe-Cr-rich carbide according to equilibrium calculations)
at the prior austenite grain boundaries in specimen zcse indi-
cates that they are the primary products of austenite decompo-
sition. These carbides are precipitated either during the cooling
stage from the carburization treatment or during the isothermal
treatment [21,22]. The thermodynamic possibility for the precipi-
tation of carbides from austenite during the cooling stage is eval-
uated based on their driving force. The driving force for the for-
mation of cementite and M,3Cg from austenite is calculated sepa-
rately from the property model of Thermo-Calc (TCFE10 database)
and is shown as a function of temperature in Fig. 8. Driving force,
represented on the y-axis in Fig. 8, is a non-dimensional param-
eter as it is normalized with R x T, where R is the universal gas
constant and T is the absolute temperature. A value higher than
zero for driving force means that the nucleation of carbide is ther-
modynamically favorable. The simulation results show that cemen-
tite can precipitate at temperatures below ~ 880 °C, while My3Cq
can precipitate at temperatures below ~ 840 °C. Cementite has a
slightly higher driving force for nucleation than My3Cg up to 720
°C. As the temperature decreases continuously, the thermodynamic
stability of both carbides increases, where below 720 °C, My3Cq
emerges as the carbide with a higher driving force. These results
show the thermodynamic possibility that cementite and M3Cg are
both present at the prior austenite grain boundaries at the onset
of isothermal holding at 600 °C.

Despite the positive driving forces, TC-PRISMA calculations in-
dicate that the volume fractions of cementite and M,3Cg are in-
finitesimally small at the start of isothermal holding. Therefore,
the observable microstructural changes in specimen z.se are ex-
pected to occur during the isothermal treatment. In conventional
steels, pearlite formation is due to the cooperative growth of «
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Fig. 8. Normalized driving force for the nucleation of cementite and Mj3Cs from
austenite as a function of temperature for specimen zcyse.

and cementite. In addition to o and cementite, y and My3Cg are
also stable phases at 600 °C in specimen zcse (see Fig. 4(a)). This
implies that y, «, cementite, and M,3Cg coexist in equilibrium at
the isothermal pearlitic treatment temperature. From a thermody-
namic point of view, it is, therefore, possible for y to decompose
by two separate eutectoid reactions; (a) y into « + cementite, and
(b) y into o + My3Cg, forming two different pearlitic aggregates.
This argument is supported by the TEM results (see Fig. 5) which
show that both cementite and M,3Cg are present as pearlitic car-
bides in specimen zcase.

A mixture of cementite and M,3Cg as pearlitic carbides were
previously reported by Cheng et al. in high Mn-Al steel [23,24].
However, in those studies, the volume fractions of the two carbides
were not quantified due to the weak carbide signals in the XRD
analysis. In the present study, the volume fractions of the carbides
are quantifiable due to an almost complete isothermal austenite
decomposition, unlike in Refs. [23,24]. The measured volume frac-
tions of My3Cs and cementite differ from their equilibrium values
by a factor of eight and two, respectively (see Fig. 4(a)). This high
deviation in the carbide fractions can be rationalized by evaluating
the activation energy for nucleation (AG*). The activation energy
for nucleation according to the classical nucleation theory can be
written as [25]:

AG =Y /Ag (1)

where 1 is a factor that contains information about the shape of
the nucleus and interfacial energy (o;), and Agy is the driving force
for nucleation.

The driving force for nucleation (Agy) is a thermodynamic
quantity that can be readily calculated from Thermo-Calc. The cal-
culated values of Agy for the nucleation of M;3Cg, cementite, and
o from y at 600 °C are 0.55 RT units, 0.41 RT units, and 0.04 RT
units, respectively. A positive value of Ag, shows that their nucle-
ation is thermodynamically possible. My3Cg has a higher driving
force than cementite, which suggests that M,3Cg has a higher nu-
cleation potential (see also Fig. 8).

Additional parameters that influence the activation energy for
nucleation are the interface energies (o;), which are contained
in the term v of Eq. (1). Interfacial energy values are difficult
to determine experimentally and are mostly deduced as a model
fit parameter [26,27]. A first approximation of the interfacial en-
ergy values of the matrix and carbide phases is obtained using
the property model calculator in Thermo-Calc with the TCFE10
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database. The calculations in the approximation model are based
on Becker’s bond energy approach [28]. The interfacial energy of o
and M,3Cg (0;4/M23C6) js 015 J/m2, while that for o and cementite
(0%1?) is 0.20 J/m2. The calculated values of ¢;#/M23C6 and o219
are in close agreement with the values reported in the literature
for a similar temperature range; 0.1 J/m? for o;#/M23C6 [29] and
0.24 J/m? for ¢;2/9 [30].

The formation of pearlitic carbides also involves the interfacial
energy contributions from the y /o and y/carbide interfaces. The
y | interfaces are coherent or semi-coherent and are likely not
rate-determining for pearlite nucleation [25]. However, the interfa-
cial energy contribution of y /carbide interfaces strongly affects the
nucleation rate of the carbides, depending on their crystal struc-
ture and chemical composition [31]. The calculated interfacial en-
ergy values for y/My3Cg and y/@ interfaces are 0.06 J/m? and
0.07 J/m?, respectively. These values differ significantly from that
reported by Schneider et al. [32], which is 0.4 J/m2. However, in
Ref. [32], the interfacial energy value was a postulation based on
the assumption that the carbides represent incoherent precipitates,
for which o; is typically higher than 0.3 J/m? [26]. A clear basis
for the selection of y /carbide interfacial energy was not stated in
[32]. From the experimental data on My3Cq size distribution and
mean radius, Xiong et al. [27] obtained an interfacial energy of
0.024 J/m?, which is close in agreement with the value reported
in this study (0.06 ]J/m?2). The quantitative values of the interface
energy calculation, therefore, provide a good approximation to the
transformation event and point in the direction that the nucleation
of M,3Cg has a kinetic advantage over cementite.

These calculations show that the contribution of interfacial en-
ergy and driving force to the nucleation barrier for M»3Cg and ce-
mentite are different. The calculated values show that the nucle-
ation barrier for M,3Cg is synergetically reduced by its higher driv-
ing force and lower interfacial energy compared to cementite. The
faster nucleation kinetics of My3Cg results in a significantly higher
volume fraction than cementite.

4.2. Microstructure formation in the transition region

The austenite decomposition products in specimen zy., are
pearlite and martensite, as shown in Fig. 6. Pearlite formed in this
specimen is not preceded by the formation of pro-eutectoid prod-
ucts at the prior austenite grain boundaries. The absence of pro-
eutectoid phases (ferrite or cementite) is usually associated with
the austenite transformation into pearlite within a range of car-
bon composition close to the eutectoid carbon content of the steel
[33]. The possible absence of pro-eutectoid phases in specimen
Ziran 1S investigated by plotting the isopleth phase diagram, which
is shown in Fig. 9. Fig. 9 shows that y is a stable phase in all
ranges of the plotted temperatures and carbon compositions. The
eutectoid composition of the alloy is observed at 0.28 wt.% C, as
indicated by the vertical dashed line, which is very close to the
carbon content in specimen Zzgan (0.3 wt.%). This is a very mod-
est deviation and falls well inside the experimental and simulation
uncertainties. Therefore, the absence of pro-eutectoid products in
specimen Zzay is ascribed to its nearly eutectoid alloy composition.

The pearlitic microstructure of specimen zya, is @ mixture of o
and M,3Cg. The presence of cementite as a microstructural con-
stituent was not experimentally detected, unlike in specimen Zzcase.
However, the phase equilibrium calculations give cementite as a
stable phase at 600 °C along with o, M,3Cg, and y (see Fig. 9).
The volume fractions of these phases are shown in Table 2. The
thermodynamic driving forces for the formation of various phases
from y at 600 °C and their interfacial energies are calculated us-
ing the property model in Thermo-Calc with the TCFE10 database.
It can be noted from Table 2 that the driving force for the forma-
tion of M,3Cg is higher than for cementite by a factor of three.
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Table 2
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Equilibrium fraction of the phases at 600 °C, driving force for nucleation, and interfacial energies in specimen Zan.

Volume fraction of phases (vol.%)

Driving force (Agy) (RT units)

Interfacial energy (o) (J/m?2)
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Fig. 9. Fe-C-3.3Ni-1.4Cr-0.55Mn-0.3Si-0.2Mo (wt.%) isopleth phase diagram.

Additionally, M,3Cg has a lower interfacial energy value than ce-
mentite. This implies that the formation of pearlite favors the pre-
cipitation of M,3Cg. However, the calculations shown in Table 2 do
not explain a complete absence/experimentally undetectable vol-
ume fraction of cementite in specimen zian, as cementite has a
positive driving force for the formation and the calculated interfa-
cial energy value with o is similar to that of My3Cg. Therefore, it
is likely that the kinetics of cementite formation has a more dom-
inant influence. However, there is no experimental evidence in the
present study that describes the associated governing mechanisms
delaying or inhibiting cementite formation.

In contrast to an almost complete austenite decomposition in
the span of 20 h at 600 °C for specimen zcase, only 40% of austen-
ite transforms to pearlite in specimen zia, (Fig. 6). This is a clear
indication of the remarkable influence of carbon, concomitantly
with the other alloying elements, on the pearlite formation kinet-
ics. These observations are consistent with the results from an ear-
lier study on a case-carburized Cr-Mo steel, where Nakajima et al.
[34] reported an acceleration in the pearlite transformation with
increasing carbon content due to pro-eutectoid carbide, which is a
more effective nucleation site than pro-eutectoid ferrite.

4.3. Microstructure formation in the core region

The microstructure of specimen Zzcore is predominantly marten-
site with ferrite (6% to 7%) at the austenite grain boundaries, as
shown in Section 3.2.3. The fraction of ferrite is much lower than
the equilibrium ferrite fraction at 600 °C, which is 94% as simu-
lated by the Thermo-Calc software. This significant difference be-
tween the experimentally observed and equilibrium fractions of
ferrite can be explained by considering the solute drag effect of
substitutional alloying elements on the migration rate of the y /o
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interface. The general mixed-mode Gibbs energy balance (GEB)
model [16] is applied to simulate the isothermal austenite to fer-
rite phase transformation at 600 °C. In the GEB model, the inter-
face velocity is calculated by balancing the molar chemical driving
force for phase transformation (AGp) and the total energy dissipa-
tion caused by interfacial segregation of each substitutional alloy-
ing element (AG!y), i = Mn, Si, Cr, Ni, Mo, as well as the limited
interface mobility, caused by the so-called interface friction (AGfy)
[35]. The GEB model considers the effect of ferrite width (formed
along y [y grain boundaries) on carbon redistribution ahead of the
y e interface [36] and can explain the stasis in the ferrite forma-
tion with respect to changes in the available chemical driving force
for the transformation. The details on the calculation of chemical
driving force, dissipation of Gibbs energy, and consequently inter-
face velocity with respect to ferrite width are extensively described
in Ref. [16].

The observed ferrite in the microstructure is mainly grain-
boundary ferrite with limited thickness between 10 and 20 um af-
ter 20 h of isothermal holding at 600 °C (Fig. 7). In Fig. 10, the
calculated energy dissipation is plotted together with the avail-
able chemical driving force at different widths (§) of the ferrite
layer (and consequently different compositions ahead of the «/y
interface) for the isothermal austenite to ferrite transformation at
600 °C in specimen Zzcoe. In this graph, the intersection point be-
tween the curves of the chemical driving force and total dissipation
specifies the actual interface velocity (v). The binding energies of
the elements at the interface (Eg) for these calculations are set to
EoMn = 5 k]/mol [37], EpS' = 12.3 kJ/mol [38], EgN = 5 k]/mol [35],
and EgM°e = 30.3 kJ/mol [39]. The binding energy of Cr is fitted as
Eo®™ = 9 kJ/mol since this parameter is not available in the litera-
ture for this model [40]. When the width of the ferrite is very low,
6 = 0.1 pm (the degree of transformation is very small), the inter-
section point between the total dissipation and chemical driving
force curves occurs at v = 0.15 pm/s. Under these conditions, there
is minor dissipation of Gibbs energy by diffusion of substitutional
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elements inside the moving interface, and the interface velocity is
limited mainly by the interface mobility (AGf,) and carbon dif-
fusion. With increasing width of the ferrite layer to § = 10 pm
or 20 pum, the available chemical driving force decreases, and the
curve of chemical driving force intersects the curve of total dissipa-
tion at much lower values of interface velocity (below 0.001 pm/s).
At these very low interface velocities, the energy dissipation at the
transformation interface by interfacial diffusion of substitutional
alloying elements is relatively high, which indicates the segrega-
tion of these elements to the interface. For more hypothetical val-
ues of ferrite width (6 > 20 pm), a much lower chemical driving
force is available, and consequently, the growth rate continuously
decreases to extremely low values (v « 10~4 um/s) as it is con-
trolled by the bulk diffusion of the substitutional alloying elements
in austenite, and the transformation reaches a stasis.

The GEB model predicts a velocity that can cause a physically
realizable migration of interface (v = 0.001-0.1 umy/s) only for a
very low ferrite width (6 < 10 pm). This prediction is without
considering the effect of the ferrite nucleation rate on the overall
kinetics of isothermal ferrite formation. The regions of the ferrite
phase observed in the final microstructure (Fig. 7) formed at dif-
ferent times of isothermal holding at 600 °C. The predictions by
the GEB model are based on the solute drag effect of the substitu-
tional alloying elements on the austenite/ferrite interface and are
consistent with the observed ferrite width when the ferrite grain
nucleated at the austenite grain boundaries grows into both neigh-
boring austenite grains.

5. Conclusions

This work presents the influence of carbon concentration ranges
arising from case carburization on the microstructures obtained af-
ter 20 h of isothermal treatment at 600 °C. The applied heat treat-
ment results in a microstructure that is pearlitic in the high-carbon
regions (case) and predominantly martensitic in the low-carbon ar-
eas (core). The case and core regions are separated by a sharp tran-
sition zone, where the microstructure is a mixture of pearlite and
martensite. From microstructural analyses of specimens Zcgse, Ztran,
and zcore Of carbon compositions 0.9 wt.%, 0.3 wt.%, and 0.16 wt.%,
respectively, the following conclusions are drawn:

(1) The formation of pearlite in the case (zcise) is preceded by
the precipitation of two pro-eutectoid carbides at the prior
austenite grain boundaries, cementite and M;3Cg. The final mi-
crostructure shows the co-existence of two different pearlite
aggregates: ferrite + cementite and ferrite + My3Cs. The
pearlitic aggregate with M,3Cg carbides has faster nucleation
kinetics due to its lower interfacial energy with ferrite, and
higher driving force for formation, compared to cementite.

(2) A clear transition in the case to core microstructures is ob-
served at the eutectoid composition of the alloy, which corre-
sponds to the carbon composition in specimen Zzta, (0.3 wt%
C). The microstructure in the transition region is 60% marten-
site and 40% pearlite. The pearlitic carbide in this region is
M;3Cg. Although cementite precipitation is not experimentally
detected using XRD analysis, an assertion of its complete ab-
sence cannot be made from the present study. An experimen-
tally undetectable volume fraction of cementite is surmised
from the equilibrium phase predictions, in which case the com-
petitive nucleation and growth of cementite and M,3Cg favors
the precipitation of the latter.

(3) The kinetics of pearlite formation slows down with the carbon
concentration up to the eutectoid composition of the steel. Be-
low the eutectoid composition, the pro-eutectoid ferrite formed
during cooling results in the redistribution of the alloying el-
ements at the y /o boundary. This alloy redistribution exerts a
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solute-drag effect which significantly reduces the y /o interface
migration rate to such an extent that it limits the fraction of
ferrite to well below the equilibrium fraction.
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