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ABSTRACT

In many commercial steel processing routes, steel microstructures are reverted to an
austenitic condition prior to the final processing steps. Understanding the microstructure
development during austenitization is crucial for improving the performance and reli-
ability of the microstructure that forms from austenite. In this work, austenite formation in
a high-C steel (0.85 wt%) from a microstructure containing martensite/austenite and
bainite bands is investigated. It is shown that austenite formation from bainite results in a
refined austenite grain structure, and the martensite matrix thus obtained on quenching
has a homogeneous distribution of carbides with a relatively low fraction of retained
austenite (24%). On the other hand, a coarser austenite microstructure is obtained when
austenite forms from a mixture of martensite and retained austenite. The reason for the
coarse austenite grains is argued to be a memory effect, which is substantiated by in situ X-
ray diffraction analysis. After quenching, an inhomogeneous carbide distribution and a
higher retained austenite fraction (30%) are observed in the regions that were initially
martensite/austenite. The global microstructure, hence, has a bimodal size distribution of
prior austenite grains and carbide-dense bands. The causes for these heterogeneities are
discussed with the help of interrupted quench experiments, equilibrium phase calcula-
tions, and DICTRA simulations.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

martensite is confined within each parent austenite grain and
results in a high density of lath, block, and packet boundaries
[4,5]. These sub-structures act as barriers to dislocation mo-

Many steel components used in industrial applications un-
dergo a heat treatment that reverses their microstructure to
austenite for the purpose of grain refinement [1-3]. This heat

tion, which increases the strength of martensite [6]. The
density of these sub-structures is well-known to be affected
by the prior-austenite grain size [5,6]. A hardened micro-

treatment is called hardening, and typically involves
isothermal holding at an austenite formation temperature,
followed by quenching to obtain martensite. The formation of

structure of fine-grained martensite has several advantages
over coarse-grained martensite in terms of mechanical prop-
erties, such as tensile strength [7,8], fatigue strength [9,10],
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and toughness [11,12], which is the motivation for creating a
fine austenite microstructure.

Therefore, the properties of martensite are governed by the
microstructural changes occurring during austenite forma-
tion; partitioning of carbon and other alloying elements, car-
bide precipitation, dissolution of secondary phases, austenite
grain size development, etc. These changes accompanying
austenite formation have been reported in the literature to
depend on the heating rate [13—15], initial microstructure
[15,16], and the holding time and temperature. In conven-
tional hardening treatments, the heating rates are such that
the initial microstructure and its decomposition products
formed during continuous heating are eventually austenitic at
the hardening temperature due to the rapid kinetics of
austenite formation. However, solubility and diffusivity dif-
ferences for the alloying elements in different microstructural
constituents engender different durations for these elements
to homogeneously distribute in austenite. Consequently, the
compositional homogeneity of the austenite matrix can be to
different degrees, which makes austenite formation during
hardening sensitive to the initial microstructure.

One of the most widely studied initial microstructures for
austenite formation is ferrite-pearlite [15,17—20]. A general
conclusion in these studies is that austenite formation occurs
in two stages: rapid growth of austenite into pearlite, and
subsequent slow transformation of ferrite into austenite.
During the reversion of the ferrite-pearlite microstructure,
transformation begins with the nucleation of austenite at
ferrite/pearlite interfaces, where grains grow relatively rapidly
into the adjacent pearlite due to the short required diffusion
distances for carbon [15,19]. A high density of ferrite/pearlite
interfaces results in a correspondingly high density of favor-
able sites for austenite nucleation. Consequently, the density
of austenite grains per unit volume is also high, resulting in a
fine structure [21].

While austenite grows with an equiaxed morphology
from a ferrite-pearlite microstructure [22], two types of
morphologies are reported when austenite forms from bai-
nitic or martensitic microstructures: “globular” and “acic-
ular” [22—-26]. Globular austenite grains form at the prior
austenite grain boundaries while the acicular austenite
grains form at bainite or martensite lath boundaries [25]. In
certain cases, recovery of the shape, size, and orientation of
the prior austenite grains occurs when a bainitic or
martensitic microstructure is reheated into the austenitic
region. This phenomenon is called the “austenite memory
effect” and transpires by the growth of acicular austenite
[23,26,27]. At least three different mechanisms for the
memory effect are proposed in the literature: diffusionless
shear mechanism [28], growth and coalescence of retained
austenite [23,27], and variant restriction between reversed
austenite, cementite, and martensitic laths [29]. A common
aspect in these studies is that the nucleation and growth of
the more dominant form of nuclei (globular or acicular)

depend on the heating rate and the initial presence of
retained austenite.

In addition to the austenite grain size, the composition of
the austenite matrix developed during the hardening treat-
ment is vital in determining the properties of martensite. It is
a general practice in the hardening treatment to eliminate
ferrite and carbides in medium-C steels, but cementite often
remains undissolved in high-C steels. Fine and uniform dis-
tribution of cementite in the hardened microstructure is
beneficial for applications that demand high wear resistance
[30]. However, an inhomogeneous distribution of carbides in
the form of bands is detrimental as it drastically reduces fa-
tigue and wear resistance [31]. There is only very sparse
literature on carbide banding in high-carbon steels [32—36],
which is of specific interest in this study. Despite the limited
literature, there is a general agreement that the reason for
carbide-band formation is related to chemical in-
homogeneities stemming from solidification segregation.

Austenite formation is reported in the literature mostly for
low-carbon steels with elements that either stabilize
austenite (Ni/Mn) or tend to form carbides (Cr). However,
certain steels used in demanding load-bearing applications
require a combination of strength, toughness, and wear
resistance. A combination of these properties requires high-
alloy steels, often containing high Ni and Cr concentrations,
to produce a martensitic matrix (for strength) with a homo-
geneous distribution of retained austenite (for toughness) and
carbides (for wear resistance). Annealing treatments, prior to
hardening, on these high-alloy steels have been shown to
produce microstructures containing martensite/austenite and
bainite bands [37]. Austenite formation from such banded
microstructures is poorly understood. The present work in-
vestigates the hardening treatment from an initial micro-
structure consisting of bainite and martensite/austenite
bands in Ni, Cr-containing high-C steel. The hardened
microstructure is observed to have a bimodal austenite grain
size distribution, carbide-dense bands, and heterogeneous
distribution of retained austenite. The rationale behind the
experimental observations is elucidated by studying the
microstructure development during the heat treatment with
the help of in situ X-ray diffraction experiments, interrupted-
quench experiments, equilibrium phase calculations, and
diffusion simulations.

2. Material and experimental methods

The investigated material is a high-carbon steel containing Ni
and Cr, with the specific composition as shown in Table 1.

2.1. Initial microstructure

The initial microstructure used in this study is the same asin a
previous study by the present authors [37] and is shown in

Table 1 — Composition of the investigated steel.

Elements C Ni Cr Mo

Si Mn P S Fe

Wt.% 0.85 3.3 1.5 0.2

0.4 0.55 0.007 0.003 Bal.



https://doi.org/10.1016/j.jmrt.2023.06.270
https://doi.org/10.1016/j.jmrt.2023.06.270

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:5325-5339

5327

m

Fig. 1 — Initial microstructure used in this study, obtained after 30 h of isothermal treatment at 320 °C, followed by
quenching to room temperature. (a) Optical micrograph showing bainite (dark) and martensite/austenite (light) bands. (b)
and (c) are SEM micrographs from the bainite and martensite/austenite regions, respectively. The white dashed line in (b)
indicates a prior austenite grain boundary. B: bainite, F: bainitic ferrite, MA: martensite/austenite, and C: cementite.

Fig. 1. The steel has chemical segregation bands, with solute-
lean and solute-rich regions of Ni, Cr, Mn, Mo, and Si. Due to
chemical segregation, the applied heat treatment (refer to
Ref. [37]) resulted in a banded microstructure consisting of
bainite bands and martensite/austenite bands, as shown in
Fig. 1(a). The volume fraction of the phases present in this
microstructure were quantified using XRD analysis. The re-
sults show 43 + 2 vol% BCC (bainitic ferrite), 31 + 4 vol% FCC
(austenite), 23 + 5 vol% BCT (martensite), and 3 + 1 vol%
cementite. The fractions of bainitic ferrite and cementite
belong to the solute-lean region, while the fractions of
martensite and austenite belong to the solute-rich region. It
should be noted that the tetragonal martensite (BCT) peaks
were clearly distinguishable from the ferrite (BCC) peaks,
allowing for accurate quantification of the martensite frac-
tion. This distinctive nature of the martensite peaks has been
previously established and documented in our earlier work
[37]. Scanning Electron Microscopy (SEM) micrographs from
the solute-lean (bainite) and solute-rich (martensite/
austenite) regions are shown in Fig. 1(b) and (c), respectively.

2.2. Experimental procedure

Heat treatments were performed in a Bdhr 805A quench
dilatometer on specimens of dimensions 10 x 3 x 1 mm?

(x x y x z). For the hardening treatment, the specimen was
heated to 840 °C at a heating rate of 0.5 °C/s and isothermally
held for 7200 s. After the isothermal holding period, the
specimen was cooled in He at a cooling rate of 50 °C/s. To
understand the microstructure evolution at the hardening
temperature (840 °C), interrupted-quench experiments were
made at 10, 300, and 3600 s using the same heat treatment
parameters as employed for the hardening treatment. A
schematic of the applied heat treatments is shown in Fig. 2.

The metallographically prepared specimens were etched
in 5% Nital solution for microstructural investigations using
optical and scanning electron microscopes (SEM). Optical
micrographs were captured using a Keyence VHX-6000 mi-
croscope. SEM micrographs were taken using a JEOL JSM-
6500 F field emission gun scanning electron microscope
operated at an accelerating voltage of 15 kV.

Electron Back Scatter Diffraction (EBSD) experiments were
made on an FEI Quanta 450 scanning electron microscope. The
EBSD patterns were acquired using OIM data collection soft-
ware under the following operational parameters: accelera-
tion voltage of 20 kV, specimen tilt angle of 70°, and a step size
of 50 nm on a hexagonal scan grid. TSL OIM Analysis 7.0 was
used for the post-processing of the EBSD data.

Elemental segregation (Ni, Cr, Mn, Si, and Mo) was quan-
tified using a JEOL JXA 8900 R microprobe employing
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Fig. 2 — Schematic representation of the applied heat treatments.

wavelength dispersive spectroscopy. The measurements were
made with a step size of 2 pm along a line of = 600 um at an
electron beam energy of 15 keV and a beam current of 50 nA.
The volume fractions of the phases were determined using
X-ray diffraction (XRD) experiments. A Bruker D8-Advance
diffractometer with CoKa-radiation was used to scan a 26
range of 40° to 130°. The counting time per step was 4 s with a
step size of 0.035° 20. The volume fractions of austenite (FCC)
and martensite (BCC) were calculated from the net integral
intensities of five FCC peaks ({111}, {200}, {220}, {311}, and {222})
and four BCC peaks ({110}, {200}, {211}, and {220}). The evalua-
tion of data was made using Bruker's DiffracSuite EVA soft-
ware (version 6.0), Profex/BGMN, employing Rietveld
refinement for the quantification of the detected phases. The
error in the volume fractions of the phases measured by XRD
analysis is + 1 vol%.

In situ XRD experiments were performed on a Bruker D8
diffractometer equipped with a Vantec-500 2D area detector. A
specimen of dimensions 20 x 4 x 1 mm? (x x y x z) was
clamped to an Anton Paar DHS1100 heating stage, and heated
to 850 °C at a heating rate of 0.5 °C/s. The hardening temper-
ature in the in situ XRD experiment was calibrated prior to the
experiment. A graphite dome was used during the experi-
ment, into which He gas was circulated to avoid oxidation of
the specimen during the heat treatment. The side of the
specimen having a carbon concentration of 0.85 wt% was
irradiated with CoKa-radiation and diffraction patterns were
acquired every 30 s using a beam with a spot diameter of
1 mm. The XRD patterns were recorded in the range of 48° to
105° 26 in reflection mode. The scans comprise three austenite
(v) peaks: {111}y, {200}y, and {220}y.

The hardness measurements were made on a Dura-scan 70
(Struers) hardness tester using a Vickers indenter. A load of
9.8 N was applied for a dwell time of 10 s, and at least 10

measurements were used in the calculation of the average
hardness values.

2.3. DICTRA simulations

The dissolution behavior of cementite and the redistribution
of alloying elements during 2 h of isothermal holding at the
austenitization temperature (840 °C) is studied by performing
DICTRA simulations using the TCFE11 and MOBFE7 databases.
The simulation domain is defined as a one-dimensional (1D)
space, in which the widths of the austenite and cementite
phases were defined as 3750 nm and 150 nm, respectively,
with a planar interface. The 1D simulation system was chosen
to represent the 3D microstructure in spherical geometry for
the defined phases.

Mo, Si, P, and S were excluded from the simulation for
numerical stability reasons. Austenite and cementite are
assumed to have a homogeneous composition profile for Ni,
Mn, and Cr. The values assumed in the simulation are the
same as shown in Table 1. The carbon composition in
austenite was set to 0.8 wt%, which is the equilibrium value
for the chosen simulation composition at 840 °C. The DICTRA
simulations were performed under closed boundary condi-

tions in which the concentration of the diffusing species is
maintained constant.

3. Results

The microstructure obtained after the hardening treatment
(2 h at 840 °C) is shown in Fig. 3(a). This optical micrograph
shows a martensite matrix with dark etching regions (DER)
and light etching regions (LER). The contrast between the
two regions arises from microstructural inhomogeneities,
which are discussed in sections 3.1 and 3.2. The average
hardness of the dark etching regions is 773 + 2 HV, which
is 50 HV more than the average hardness of the light
etching regions (721 + 2 HV). The volume fractions of the
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Fig. 3 — (a) Optical micrograph of the hardened microstructure showing the dark and light etching regions, DER and LER,
respectively. The dotted line shows an indication of the boundary between these two regions. (b) X-ray diffractogram with
the identified phases, where A = austenite and F = ferrite. The inset in this figure shows an example of a cementite peak.

phases quantified from the overall microstructure using
XRD analysis are 71 + 1 vol% BCC, 26 + 1 vol% FCC, and
3 + 1 vol% cementite (0). The diffraction patterns with the
identified phases are shown in Fig. 3(b). Note that the
weaker intensity of the cementite peaks compared to BCC
and FCC results in concealing these peaks on this scale,
which, however, are present and can be quantified. An
example of the cementite peak is shown in the inset of
Fig. 3(b).

The distribution of DER and LER is associated with the
chemical bands present in the starting microstructure, which
is investigated by quantifying the segregation profiles of Ni,
Cr, Mn, Si, and Mo by EPMA measurements. The results are
shown in Fig. 4. The optical micrograph in this figure shows

Concentration of Cr, Mn, Si, and Mo (wt.%)
Concentration of Ni (wt.%)

Distance (um)

Fig. 4 — Concentration profiles of Ni, Cr, Mn, Si, and Mo in
the hardened microstructure measured using EPMA.

the region across which the measurements were made. The
average of 301 measurements for each element is taken as its
nominal composition, represented by dotted lines. The con-
centrations of Cr, Mn, Si, and Mo are plotted on the primary
vertical axis and that of Ni on the secondary vertical axis. Fig. 4
shows that the concentrations of Ni, Cr, Mn, and Si lie pre-
dominantly below their nominal concentration in the DER and
predominantly above their nominal concentration in the LER.
Therefore, dark etching regions (DER) are solute-lean, and
light etching regions (LER) are solute-rich. The profile for Mo is
seen to have a high degree of scattering across its nominal
value in both regions. From the analyses, it is interpreted that
the microstructure in the DER is a result of austenite forma-
tion from regions that were previously bainite while LER re-
sults from the austenite formation from regions that were
previously a mixture of martensite and retained austenite [37].

3.1. Microstructure characterization of the solute-lean
region (DER)

The SEM micrograph from the solute-lean region (DER) is
shown in Fig. 5(a). The microstructural constituents in this
region are martensite, martensite-austenite (MA) islands, and
cementite. The martensite matrix has a lower surface relief
since it is etched deeper than the MA islands. A homogeneous
distribution of cementite that has mostly a globular
morphology is observed in the DER. The distribution and the
morphology of cementite are more noticeable from the con-
trasted SEM micrograph shown in Fig. 5(b). The area fraction
of cementite is quantified as 3% using image analysis with
Image] software. The spatial distribution of these phases in
the hardened microstructure is studied by EBSD analysis. The
phase map (PM) superimposed on the image quality (IQ) map
from DER is shown in Fig. 5(c). Red and green regions in the
phase map correspond to BCC (martensite) and FCC
(austenite) crystal structures, respectively. Non-indexed
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Fig. 5 — Characterization results of the hardened microstructure from the solute-lean region (DER): (a) SEM micrograph, (b)
contrasted image from the region shown in (a), (c) phase map combined with image quality map, (d) inverse pole figure map

of austenite. M: martensite and MA: martensite/austenite.

points in this map are black. To reduce the possibility of mis-
indexation of phases, the diffraction patterns of cementite
were excluded from the measurement. This is because
cementite can produce weak and diffuse diffraction patterns,
which can lead to difficulties in accurately distinguishing and
indexing individual phases. Phase quantification from EBSD
shows 24% austenite in the DER. The inverse pole figure (IPF)
map of austenite from DER is shown in Fig. 5(d). Each color in
this map corresponds to a specific crystal orientation of
austenite. A cluster of austenite grains with the same color
(same crystal orientation) represents a prior austenite grain.
Several clusters of austenite grains of the same orientation
constituting a prior austenite grain can be seen in the DER.

3.2.  Microstructure characterization of the solute-rich
region (LER)

The SEM micrograph from the solute-rich region (LER) is
shown in Fig. 6(a). The microstructural constituents in this
region are the same as in the solute-lean region (DER);
martensite, martensite-austenite (MA) islands, and
cementite. The main difference between the two regions is the
distribution and morphology of cementite. Unlike the solute-
lean region, where a homogeneous distribution of cementite
is observed (see Fig. 5(a and b)), cementite distribution is
inhomogeneous in the solute-rich region. In addition to the
globular morphology, the elongated plate-like morphology of
cementite is observed to be grown along the martensite laths
in the LER. The distribution and the morphology of cementite
in this region are shown in the contrasted SEM micrograph,

Fig. 6(b). The spatial distribution of the phases in the solute-
rich region of the hardened microstructure is shown in
Fig. 6(c). The explanation of the microstructural constituents
representing each color in this IQ + phase map is the same as
discussed in section 3.1. Local phase quantification from the
phase maps shows that there is a considerably higher fraction
of austenite in the solute-rich region (LER): 30%, compared to
24% in the solute-lean region (DER). The inverse pole figure
(IPF) map of austenite from this region is shown in Fig. 6(d).
Unlike the orientation spread observed for the austenite
grains in the solute-lean region (see Fig. 5(d)), the scanned area
of the solute-rich region shows primarily only two prior
austenite grains. A comparison of Figs. 5(d) and Fig. 6(d) re-
veals that the prior austenite grains are coarser in the solute-
rich regions (LER) in comparison to the solute-lean regions
(DER).

3.3. Summary of the hardened microstructure

The hardened microstructure exhibits microstructural varia-
tions. Solute-lean regions (previously bainite) of the hardened
microstructure display finer prior austenite grains, whereas
those in the solute-rich regions (previously martensite/
austenite) are coarser. The distribution of carbides and
retained austenite are also different (see Figs. 5 and 6). The
solute-lean regions have a homogeneous distribution of
cementite, which has a globular morphology (see Fig. 5(a and
b)). On the other hand, the solute-rich regions have an inho-
mogeneous distribution of fine globular carbides and carbides
of elongated rod-like morphology. Additionally, these regions
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Fig. 6 — Characterization results of the hardened microstructure from the solute-rich region (LER): (a) SEM micrograph, (b)
contrasted image from the region shown in (a), (c) phase map combined with image quality map, (d) inverse pole figure map

of austenite. M: martensite and MA: martensite/austenite.

have a higher fraction of retained austenite compared to
solute-lean areas. The overall microstructure, therefore, has
»carbide-dense bands” as a result of the variations in the
distribution, size, and density of the carbide particles. A
summary of these differences is shown in Table 2.

4, Discussion

The hardened microstructure is heterogeneous in terms of (i)
prior austenite grain size, (ii) phase distribution, and (iii) car-
bide morphology and its spatial distribution. A schematic of
the differences listed in Table 2 is shown in Fig. 7. To obtain
further insight into the differences in austenite grain size and
phase heterogeneities, microstructural evolution during the
hardening treatment is studied using in situ XRD and inter-
rupted quench experiments.

4.1. Prior austenite grain size variations in the hardened
microstructure

The initial microstructure in the solute-lean regions is bai-
nitic, while solute-rich areas are a mixture of martensite and
retained austenite (see Fig. 1). The microstructural changes
associated with austenite can be studied by following the
change in its fraction during continuous heating. Trailing the
austenite fraction during heating is critical as the austenite
formation mechanism may change from nucleation-aided to
the one transpiring by the growth of existing austenite [27], if
austenite persists as a metastable phase until A.;. The change
in the retained austenite fraction during heating to the hard-
ening temperature (840 °C), determined by in situ XRD, is
shown in Fig. 8.

Retained austenite is observed to be stable up to 320 °C
from the in situ XRD analyses shown in Fig. 8. Beyond this
temperature, austenite decomposes such that its initial

Table 2 — Summary of the microstructural differences in the solute-lean and solute-rich regions after hardening.

Solute-lean region (DER)

Solute-rich region (LER)

Prior microstructure bainite martensite and retained austenite
Cementite distribution homogeneous inhomogeneous

& morphology globular globular, elongated plate-like
Retained austenite fraction 24% 30%

Hardness 773 + 2 HV 721 + 2 HV

Prior austenite grains fine coarse
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Fig. 7 — Schematics of the initial and hardened microstructures.

volume fraction of 25 + 4 vol% decreases to 20 + 4 vol% at 420
°C. The decomposition products of austenite during heating
are generally proposed to be a mixture of ferrite and cementite
[22]. The fraction of austenite in the temperature range be-
tween 420 °C and 620 °C does not vary significantly, implying
no further decomposition of austenite beyond 420 °C. The
plateau in the austenite fraction indicates local variations in

the carbon concentrations of retained austenite present in the
starting microstructure. Austenite with higher carbon con-
centrations possesses higher thermal stability. Consequently,
islands of the austenitic phase that are more enriched in
carbon remain metastable during heating. When the tem-
perature exceeds the austenite-start temperature, A (636 °C),
the volume fraction of austenite increases rapidly and the
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Fig. 8 — Change in the fraction of retained austenite (present in the initial microstructure) with temperature during

continuous heating, determined by in situ XRD.
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austenite fraction reaches 100% at 763 °C, which is the A
temperature.

In situ XRD analysis reveals that continuous heating to the
hardening temperature does not eliminate the initially pre-
sent austenite in the solute-rich regions. Therefore, the
austenite retained in these regions can grow when the tem-
perature is above A.; without the need for nucleation. On the
other hand, austenite formation in the solute-lean regions,
devoid of retained austenite, occurs inevitably through the
nucleation and growth of new austenite grains. Numerous
studies have shown that austenite formation from micro-
structures containing retained austenite can occur without
nucleation and in some cases reconstitutes the prior austen-
itic grains, with respect to crystallography, size, and shape
[23,27,28,38,39]. This phenomenon is called the austenite
memory effect. Such a “memory effect” restrains grain
refinement [22]. Therefore, it is necessary to evaluate the
occurrence of the austenite memory effect in the investigated
steel. This evaluation is performed by comparing the prior
austenite grain sizes of the initial (Fig. 1(a)) and the hardened
(Fig. 3(a)) microstructures.

The prior austenite grains of the initial microstructure
(Fig. 1(a)) were formed during the preceding carburization
treatment. As bainite and martensite formations are confined
within an austenite grain, etchants that reveal the prior
austenite grain boundaries can be used for grain size quanti-
fication [40]. However, cementite present in this microstruc-
ture reacts to the etchant in a way that obscures the prior
austenite grain boundaries, and prevents good etching results.
Therefore, a specimen of the same carbon content (0.85 wt%)
that is directly quenched after carburization is availed for the
prior austenite grain size quantification of the initial micro-
structure. The optical micrograph of the prior austenite grain
boundaries and a chart of the grain size distribution of the
corresponding microstructure are shown in Fig. 9. Grain size
quantification was made using the linear intercept method by
counting 385 grains. Note that this optical micrograph in-
cludes the solute-lean and solute-rich regions as the width of

this micrograph is more than three times the width of the
chemical segregation bands, which is less than 300 pm (see
Fig. 4). The chart in Fig. 9 shows that = 32% of the grains fall
within the size range of 40—60 pm. The grain size distribution
has an average value of 80 pm with a 95% confidence interval
of 75.98 um—84.02 um, based on a sample size of 385 grains.
The standard deviation of the grain size distribution is 40 pm.
A bimodal distribution of prior austenite grains is not
observed. As the austenite grain size distribution shown in
Fig. 9 is representative of the initial microstructure (Fig. 1), itis
inferred that there is no bimodal distribution of austenite
grains in the initial microstructure.

The prior austenite grains of the hardened microstructure
are evaluated by reconstructing the parent austenite grains
from the EBSD data of Figs. 5(c) and 6(c). The reconstructed
austenite grains from the solute-lean (DER) and solute-rich
(LER) regions are shown in Fig. 10(a) and (b), respectively.
The reconstruction is based on the Nishiyama-Wasserman
orientation relationship between the austenite (parent) and
martensite (child) grains. Each color in Fig. 10 represents a
specific orientation of austenite. It is evident from this figure
that the density of austenite grains in the solute-lean regions
is considerably higher than in the solute-rich regions. The
prior austenite grain size in the solute-lean regions is in the
range 5—20 um, while it is at least more than 40 pm in the
solute-rich regions based on the measured area as seen in
Fig. 10(b). These results indicate a bimodal distribution of prior
austenite grains for the hardened microstructure.

The austenite grain size of the hardened microstructure in
the solute-lean region (DER) is smaller by a factor of approxi-
mately four than in the initial microstructure. This shows that
austenite formation from bainite (solute-lean regions) results
in grain refinement. The initial bainite microstructure in the
solute-lean region has a dense distribution of thin plates of
cementite. The numerous cementite/ferrite interfaces in
bainite are typical austenite nucleation sites [41,42] as the
cementite provides a high concentration of carbon, which is
necessary for the formation of austenite. Therefore, the
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Fig. 9 — Optical micrograph showing the prior austenite grain boundaries of the specimen containing 0.85 wt %C, heat
treated for 60 h at 970 °C. Note that the prior austenite grain size characteristics observed in this figure are representative for
the initial microstructure used in the current study due to the same austenitization conditions.


https://doi.org/10.1016/j.jmrt.2023.06.270
https://doi.org/10.1016/j.jmrt.2023.06.270

5334

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:5325-5339

‘{‘\ X >
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Fig. 10 — Reconstructed EBSD images of the prior austenite grain boundaries in the (a) solute-lean region (DER) and (b) solute-

rich region (LER) of the hardened microstructure.

nucleation density of austenite is high, which results in a fine
grain structure.

However, the austenite grain sizes before and after the
hardening treatment are similar when austenite formation is
from a martensitic structure containing retained austenite
(solute-rich regions). This similarity indicates the inhibition of
grain refinement. Despite the lack of direct evidence to asso-
ciate the inhibition of grain refinement due to the austenite
memory effect, available experimental results allude to their
interdependence: (i) a significant fraction of austenite is
retained during continuous heating, and (ii) similarities in the
austenite grain sizes before and after the hardening treat-
ment. Conjoining these observations, it is presumed that the
inhibition of grain refinement in the solute-rich regions is due
to the growth and coalescence of the existing austenite, which
reconstitutes the coarse prior austenitic grain structure. Such
a growth process is kinetically and energetically more favor-
able than the nucleation of new grains as the latter phenom-
enon requires the creation of new interfaces which consumes
more energy.

4.2. Heterogeneous phase distribution in the hardened
microstructure

The hardening temperature (840 °C) falls within the austenite-
cementite phase field for the investigated steel according to
ThermoCalc calculations (TCFE11 database). Due to the high
carbon content, the martensite-start temperature is low with
respect to room temperature. Therefore, the hardened
microstructure should contain not only martensite and
cementite but also retained austenite. However, the uneven
distribution of these phases in the microstructure requires
further investigation.

The heat treatment response of the solute-rich and solute-
lean regions is different during the hardening treatment due

to the different starting microstructures. Consequently, it is
possible for these regions to transform into different products
at different times during the heat treatment. Composition-
induced microstructural heterogeneities are widely reported
in literature [32,43—45]. To investigate this phenomenon, the
equilibrium fraction of phases at 840 °C was calculated for the
average chemical composition of each of the two regions. The
average chemical composition is quantified from the EPMA
results (Fig. 4), assuming a constant carbon content, and is
shown in Table 3. The equilibrium phase fractions and the
carbon content in austenite (C,) at 840 °C, calculated using
ThermoCalc, and the martensite-start temperatures (M;) for
these regions, calculated from Andrews equation [46], are also
shown in Table 3.

The equilibrium data in Table 3 show a higher fraction of
cementite and a lower C, for the solute-rich region in com-
parison to the solute-lean region. The corresponding M;
temperatures for the solute-rich and solute-lean regions are
125 °C and 120 °C, respectively. The expected volume fractions
of martensite present in these regions at room temperature
(25 °C) can be quantified using the Koistinen and Marburger
(KM) model as [47]:

f“':l—exp[—ozm(Ms—T)] ]

where f* is the volume fraction of martensite present at the
temperature T (25 °C), M; is the theoretical martensite-start
temperature, and «,, is the rate parameter, taken as 0.011
°C~! [48]. From Eq. (1), the martensite fractions at room tem-
perature in the solute-rich and solute-lean regions are 67%
and 65%, respectively. The corresponding austenite fractions
in the solute-rich and solute-lean regions, taking into account
the cementite fractions from Table 3, are 31% and 33%,
respectively. These theoretical phase fraction calculations
show that the compositional differences in the chemical
segregation bands are not strong enough to engender severe

Table 3 — Average chemical composition of the solute-rich and solute-lean regions, and the corresponding equilibrium

phase fractions, the carbon content in austenite (C,) at 840 °C, and M; temperatures.

Elements (wt.%) Phase (%) C, (wt.%) M (°C)
C Ni Cr Mn Si Mo Austenite Cementite
Solute-rich region 0.85 3.5 1.6 0.6 0.4 0.25 98.0 2.0 0.74 125
Solute-lean region 0.85 3.1 1.4 0.5 0.3 0.18 98.6 1.4 0.78 120
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phase heterogeneities after quenching, as the areas seen in
Figs. 5 and 6.

Nonetheless, it is to be emphasized that both these equi-
librium predictions (phase fractions and C,) are contrary to the
experimental observations, which show that the solute-rich
region has a lower cementite fraction, and consequently, a
higher retained austenite fraction due to higher C, at 840 °C.
The observed deviation of the theoretical and experimental
fractions of phases indicates a significant impact of the
starting microstructures on the thermodynamic and kinetic
factors affecting austenite formation. Therefore, further
analysis is required to explain the carbide-dense bands and
differences in the austenite fractions in the chemical bands.

4.2.1. Carbide-dense bands

One of the heterogeneities observed in the hardened micro-
structure is the occurrence of carbide-dense bands, which are
characterized by variations in the distribution, size, and
density of carbides in the chemically segregated regions. Mi-
crostructures obtained after various time intervals (10 s, 300 s,
3600 s) at 840 °C are compared to the one obtained after 7200 s
to investigate the origin for the carbide-dense bands. The SEM
micrographs from the solute-lean (DER) and solute-rich (LER)
regions are depicted in Fig. 11, which also indicates the cor-
responding heat treatments. Note that DER and LER are not
separated by visually distinct boundaries. However, differen-
tiation between the two regions can be made based on the
significant etching contrast observed. Indentations were
made, based on the optical microscopy contrast, as reference
points to trace and capture the locations of interest using SEM.

840°C-10s

840°C-300s

’

The microstructural constituents in Fig. 11 are martensite,
retained austenite, and cementite. A distinction between
martensite and austenite is difficult to make from these mi-
crographs. However, the cementite distribution is readily
apparent. Due to the high cooling rate (50 °C/s), cementite is
not expected to form as an austenite decomposition product
during quenching. Therefore, the cementite in these micro-
structures is concluded to be a product of the microstructural
changes occurring during the heating or the holding stage at
840 °C. Fig. 11 (a, e) show that cementite is present from the
very beginning of the isothermal holding stage in both re-
gions. Subsequent austenite formation depends on the
dissolution kinetics of cementite [49,50], which is separately
evaluated for each of the two regions.

4.2.1.1. Solute-lean region (DER). The morphology and distri-
bution of cementite in the solute-lean region after 10 s, 300 s,
3600 s, and 7200 s are shown in Fig. 11(a—d). After 10 s
(Fig. 11(a)), disintegrated traces of the initial cementite
morphology (elongated) are observed, together with globular
cementite. The cementite distribution is homogeneous with
an area fraction of 4.20 + 0.03%, quantified using image anal-
ysis with Image] software. Within 300 s at 840 °C, around 1% of
cementite has dissolved, and the elongated morphology of
cementite is no longer visible. Instead, the microstructure has
a high density of fine globular carbides (Fig. 11(b)). The disso-
lution kinetics of cementite becomes sluggish beyond 300 s.
This is derived from the calculation of its area fraction, which
is = 3.10 + 0.03% after 3600 s (Fig. 11(c)) and 3.00 + 0.03% after
7200 s (Fig. 11(d)).

840 °C - 3600 s

Fig. 11 — SEM micrographs (a—d) solute-lean regions (DER) and (e—h) solute-rich (LER) after the corresponding holding time at

the hardening temperature (840 °C).
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4.2.1.2. Solute-rich region (LER). The morphology and distri-
bution of cementite in the solute-rich region after 10 s, 300 s,
3600 s, and 7200 s are shown in Fig. 11(e—h). Despite its
absence in the initial microstructure of the solute-rich re-
gions, Fig. 11(e) shows that cementite is present (2.90 + 0.03%)
from a very early stage of isothermal holding. The cementite
particles seen in Fig. 11(e) likely formed during the heating
stage due to the supersaturated state of the martensite. The
distribution of cementite is seen to be very inhomogeneous
and has a preferential growth along the martensite block/lath
boundaries. The area fractions of cementite after 300, 3600,
and 7200 s are 2.5, 2.4, and 2.2%, respectively. The error for
these measurements is 0.03%, indicating that the values are
precise and reliable within this range.

While cementite distribution is homogeneous in the
solute-lean region of the hardened microstructure, its distri-
bution in the solute-rich area is mainly in the vicinity of the
prior martensite, from which cementite precipitates during
heating. Based on microstructural observations, a reason for
the carbide-dense bands is proposed. The initial microstruc-
ture in the solute-lean region is bainitic, in which the
cementite constituents are homogeneously distributed (see
Fig. 1(b)). As the temperature reaches A, the bainitic ferrite
begins to transform into austenite, and this transformation is
complete at Ais. However, cementite is stable in the entire
temperature window of continuous heating. Consequently, a
homogeneous distribution of cementite is observed at the
onset of isothermal holding at 840 °C. Although around 1%
cementite dissolves in the first few minutes of isothermal
holding, the subsequent dissolution of cementite is signifi-
cantly impeded, resulting in the preservation of its original
spatial arrangement, which remains almost unchanged even
after 2 h.

On the other hand, the initial microstructure in the solute-
rich region is martensite mixed with austenite. Both these
phases are metastable at low temperatures and have a high
driving force for transformation into ferrite and cementite,
which can take place during heating. While cementite pre-
cipitates from the supersaturated martensite with the rise in
temperature, the austenite formation is only partial, see Fig. 8.
A significant fraction of austenite (20%) remains stable up to
A.;. This retained fraction of austenite grows without the need
for nucleation at temperatures beyond A.. Therefore,
cementite precipitation is inhibited in regions where
austenite remained stable during heating. Consequently, at
the onset and for the entire duration of isothermal holding,
cementite is observed only in the vicinity of the prior
martensite.

4.22.

holding
The isothermal austenite formation at 840 °C in the investi-
gated steel occurs in the presence of cementite, which in-
volves the movement of v/6 phase boundaries into the latter
and diffusion of both interstitial and substitutional alloying
elements. The partitioning of the alloying elements plays a
role in the transformation kinetics of phases. In the current
scenario, cementite dissolution during the initial stages of

Dissolution kinetics of cementite during isothermal
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Fig. 12 — Transformation rate of cementite during
isothermal holding at 840 °C calculated with DICTRA.

holding is characterized by rapid dissolution, followed by a
subsequent slower dissolution. This experimental trend was
validated by assessing the dissolution rate of cementite at
840 °C, plotted using DICTRA simulations as shown in Fig. 12.

Fig. 12 shows the rate of dissolution of cementite. The
initial data points in the simulation results were excluded due
to potential numerical artifacts arising from the discretization
and numerical methods employed in the simulations. The
blue line represents a diffusion-controlled transformation,
where the transformation rate is inversely proportional to the
square root of time (t). It is observed that for time du-rations
t < 5 s, a transition is occurring that deviates from pure
diffusion-controlled behavior, exhibiting some variability
around it. Possible reasons for the observed deviation from
pure diffusion-controlled behavior could include initial tran-
sient behavior, numerical artifacts, or non-ideal simulation
conditions. Aftert = 5 s, the slope is consistent with diffusion-
controlled transformation, until t = 400 s, after which the
transformation rate strongly decreases. This simulation result
effectively captures the experimental trend related to the
dissolution of cementite.

In steels containing Mn and Cr, the dissolution kinetics of
cementite in austenite is influenced not only by carbon, but
also by the partitioning and redistribution of Mn and Cr within
both austenite and cementite. Therefore, the concentration
profiles of C, Cr, and Mn at various time intervals are inves-
tigated to gain more insight into the observed experimental
results from interrupted quench experiments. Fig. 13(a), (b),
and (c) shows the concentration profiles of C, Cr, and Mn,
respectively, in cementite and austenite at various time in-
tervals; 0, 10, 300, 3600, and 7200 s. Given the rapid diffusion of
carbon in austenite, the equilibrium composition of carbon at
840 °C (0.8 wt%) is used as the initial value for the simulation,
while nominal composition values of 1.5 wt% for Cr and
0.55 wt% for Mn are inputted as the initial compositions of
both phases. The 6/y interface at t = 0 s is at 150 nm, indicated
by the dotted vertical lines.

Fig. 13 (a) shows that the concentration profile of carbon
becomes flat within a few seconds due toits fast diffusion, with
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Fig. 13 — Concentration profiles as a function of holding time at 840 °C for (a) G, (b) Cr, and (c) Mn calculated using DICTRA.
Note that the austenite domain extends to 3750 nm. Indicated times are in seconds.

the actual time likely being even shorter than the 10 s of the
shown simulation result. On the other hand, the concentration
profiles of Cr and Mn, depicted in Fig. 13(b and c), exhibit
significantly inhomogeneous distributions in cementite and
austenite even after 7200 s. During the early stages of
isothermal holding at t = 10 s and t = 300 s, both Cr and Mn
concentration profiles exhibit a spike at the interface between
cementite and austenite. However, the nominal concentration
values of Cr and Mn in cementite, located far from the growing
austenite matrix, remain unchanged. The observed spike in Cr
and Mn concentration profiles at the 6/y interfaceatt=10sand
t =300 s indicates the rapid dissolution of cementite, driven by
carbon diffusion, and limited diffusion of Cr and Mn across the
interface. This limited diffusion leads to insufficient time for
complete redistribution and equilibration of Cr and Mn,
resulting in the concentration spike at the interface. With the
progress in holding, at t = 3600 s, cementite is increasingly
enriched with Cr and Mn. This enrichment results from the
partitioning of Cr and Mn into cementite from the newly
formed austenite, which results in gradually reducing the
concentration gradients over time. Although the concentra-
tions of Mn and Cr in cementite are not homogeneous even
after 7200 s, cementite remains stable as can be seen from the
negligible growth of 6/ interface into cementite (see Fig. 13(b
and c) for t = 3600 s and 7200 s). Therefore, it is reasonable to
conclude that the sluggish dissolution of cementite after 400 s
is primarily caused by its enrichment with Mn and Cr. This
conclusion is in agreement with several previous studies
[51-54]. Itis to be emphasized that the concentration spike for
Mn at the interface at t = 10 s starts at a value which is slightly
higher than equilibrium (1.01%). The exact reason for this
behavior is unknown. However, it is clear that Mn, like Cr,
gradually partitions into cementite over time, thereby reducing
the concentration gradients and contributing to the sluggish
dissolution of cementite.

4.2.3. Heterogeneous distribution of retained austenite
Cementite formation during austenitization reduces the car-
bon concentration in austenite, which decreases its resistance

to martensite formation. Consequently, the fractions of these
phases in the quenched microstructure are interdependent
such that a higher fraction of cementite will result in a lower
retained austenite fraction. The equilibrium fractions of
cementite in the solute-rich and solute-lean regions of the
hardened microstructure are 2.2% and 3.0%, respectively, as
discussed in section 4.2.1. The carbon content in austenite (C,)
at the onset of quenching in the two regions can be calculated
from the carbon-mass balance given by

Com ot @)
V,[x — CyVy)

where x is the carbon content in the alloy (0.85 wt%), C, is the

carbon content in cementite (6.67 wt%), V, is the volume

fraction of austenite, and V, is the volume fraction of

cementite.

From Eq. (2), C, for the solute-rich and solute-lean regions
are 0.73 and 0.68 wt%, respectively. These values correspond
to M, temperatures of 130 °C in the solute-rich region and
160 °C in the solute-lean area, calculated from Andrews
equation [46]. The corresponding martensite fractions calcu-
lated using Eq. (1) are 68% for the solute-rich region and 77% in
the solute-lean region. Taking into account the cementite
fractions in these regions: 2.2% in solute-rich and 3.0% in the
solute-lean regions, the retained austenite fractions are 29%
and 20%, respectively. These values are in close accordance
with experimental observations (30% in solute-rich and 24% in
solute-lean regions) and explain the heterogeneity for the
phase fractions in the chemical bands.

5. Conclusions

Austenite formation from a microstructure consisting of
bainite (solute-lean region) and martensite/austenite (solute-
rich region) bands in high-C steel containing Ni and Cr was
investigated by in situ XRD analysis, microstructural obser-
vations, and DICTRA simulations. The following conclusions
are drawn from this study.
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¢ Differences in the austenite formation mechanisms can
result in a bimodal austenite grain size distribution.
Refinement of the prior austenite grains occurs during
austenite formation from bainite, which proceeds by the
typical nucleation and growth process. However, austenite
formation from a mixture of martensite and retained
austenite does not lead to grain refinement. The inhibition
of grain refinement is assumed to be a result of a memory
effect resulting from the growth, impingement, and coa-
lescence of existing austenite during heating, which re-
constitutes the prior austenitic structure without the need
for fresh nucleation.

Carbide-dense bands appear in a hardened microstructure
characterized by variations in the size, density, and dis-
tribution of carbides. The formation of such bands depends
not only on the dissolution kinetics of carbides during
austenitization but also on its initial microstructure-
dependent distribution in the austenite matrix at the
onset of holding.

e The dissolution kinetics of cementite predicted using
DICTRA simulations during the isothermal austenitization
process shows an initially rapid dissolution, which how-
ever becomes sluggish with the enrichment of Crand Mn in
cementite.

The presence of cementite during isothermal austenite
formation affects the carbon content in austenite. A higher
fraction of cementite is observed in the solute-lean region
compared to the solute-rich region. From carbon mass
balance calculations, it is shown that a very small differ-
ence of 0.05 wt% C for the carbon content in austenite at
the onset of quenching leads to a 30 °C difference in M;.
This difference is significant to engender inhomogeneous
distribution of retained austenite in the hardened
microstructure.
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