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ARTICLE INFO ABSTRACT

The case hardening process (carburizing followed by quenching to room temperature) is one of the heat
treatments routinely conducted in various industrial sectors. Depending on the parameters applied during the
post-carburizing stage, different microstructural constituents may develop in the interior (core) section of a case-
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Toughness hardened component which substantially influence the overall mechanical properties. In the present work, the
Har ness effects of different heat treatments following the carburizing stage on the core microstructure evolution, the
Nanoindentation

resulting toughness and hardness properties were investigated. The heat treatments were carried out employing
Navy C-ring specimens, the core of which were used for microstructural investigations and fabrication of mini-
Charpy specimens. Besides, nanoindentation tests were also carried out in the same region to examine the local
hardness of different constituents. Furthermore, the microstructural evolutions were also studied utilizing multi-
phase field modeling. Based on the obtained results, it can be shown that the increase in fractions of bainite and
retained austenite is in direct correlation with the impact toughness improvement, however, the increase in
fraction of ferrite and martensite acts inversely. Moreover, despite the differences in fractions of constituents, the
level of overall hardness is similar in all the developed microstructures. Additionally, the nanoindentation results
revealed that the formation of large fraction of bainitic ferrite leads to high level of scattering in nanohardness of
martensite. Phase field simulations show that this is attributed to the degree of carbon partitioning into the
adjacent austenitic area where depending on the local morphology and size can be quite different.

Phase field simulation

1. Introduction

In multi-phase steels it is crucial to thoroughly understand the role
of microstructure in overall mechanical properties. This obviously ne-
cessitates considering the effect of heat treatment process parameters as
well according to which the individual fraction and mechanical prop-
erties of each single phase is determined. The case hardening process
(i.e.: carburizing followed by quenching to room temperature) is one of
the common industrial thermo-chemical treatments through which the
mechanical properties of the outer surface (case) is noticeably im-
proved [1,2]. Besides a single martensitic microstructure in the case,
depending on the post-carburizing parameters, a multi-phase micro-
structure may develop in the interior part (core) influencing the final

properties. Thus, gaining a comprehensive understanding of the heat
treatment-microstructure-mechanical properties correlations is highly
important enabling effective microstructural materials design.

It is well known that the core microstructure of low carbon case-
hardened steel components significantly contributes to the overall
performance [3-6]. For instance, such components should have suffi-
cient toughness in their core to withstand shock loads and suppress any
crack initiation which may lead to fracture. There have been numerous
studies on heat treatment of low carbon low alloy steels as well as the
case hardening steels where the influences of various heat treatment
process parameters on mechanical properties were explored. Jiang et al.
[7] investigated the effects of a novel cooling process on toughness
properties of a carburizing steel. They reported that by application of a
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piecewise continuous cooling, rather than the traditional quenching
and tempering process, the impact energy can considerably be en-
hanced. It was found out that the carbide-free lower bainite developed
in the core is one of the key factors improving the toughness of the
carburizing steels. Sami et al. [8] studied the microstructural changes
that occur during intercritical annealing and the effects of micro-
structural factors on Charpy impact and tensile properties of APIX70
HSLA steel. They concluded that the characteristics of initial micro-
structure greatly influences the evolution of ferrite and martensite
morphologies during the intercritical annealing which, in turn, influ-
ences the overall tensile and toughness properties. In another work [9]
it was demonstrated that by performing an intercritical annealing step
between conventional quenching and tempering treatment of a jack-up
rig rack steel the ductile to brittle transition temperature significantly
decreases. It was shown that the presence of upper bainite and ferrite
along with high angle grain boundaries (> 50 °) and refined grain size
are the main factors improving the toughness properties. Besides, based
on the results obtained by Wang and co-workers [3], applying a low-
temperature austempering treatment for carburizing steels is beneficial
leading to improved service performance. They showed that the car-
burized 23Cr2Ni2SilMo steel when subjected to a low-temperature
austempering resulted in a dual-phase microstructure of fine martensite
lath and carbon-enriched retained austenite in the core which enhanced
the impact toughness. Furthermore, in another research [10] the effects
of initial microstructure and heat treatment on the core mechanical
properties of two carburized automotive steels were investigated. The
authors summarized that by conducting the normalizing treatment a
slight decrease in tensile strength, a slight increase in ductility and a
significant increase in impact properties of the core were obtained. Li
etal. [11] discussed the effects of stress concentration in case-hardened
samples on crack initiation originated from strain inconsistency be-
tween inhomogeneous core microstructure and the hardened layer.

Despite many investigations carried out in this area, a comprehen-
sive study on the effects of different post-carburizing heat treatments,
the associated hardening parameters and the resulting microstructures
as well as the overall mechanical properties, however, has rarely been
investigated. In the previous work of the authors [12], the effects of
different hardening strategies following the carburizing stage on the
quenching-induced distortion of case-hardened steel components were
discussed. It was shown that by application of a modified hardening
cycle the quenching-induced distortion can be reduced up to 27% while
retaining the hardness properties of the case similar to that of the
conventionally-hardened specimens. Further to the previous work, in
the present paper, the effects of the conducted hardening cycles on the
core microstructure evolution and the resulting overall toughness and
hardness properties are studied. In one cycle, the quenching process is
started from a fully austenitic region; in the second cycle, however,
prior to the quenching, an intercritical annealing is carried out which
enables ferrite to nucleate and grow out of the parent austenite in the
core. Moreover, the microstructural evolutions are also simulated by
means of multi-phase field modeling. The present work, therefore, aims
at combined experimental and simulation investigation of heat treat-
ment-microstructure-toughness and hardness relationships in case-
hardened steel components.

2. Material and methods
2.1. Material and specimen fabrication

The chemical composition of the investigated steel is given in
Table 1. The material was melted in a vacuum inductive furnace and
casted in an 80kg ingot with a dimension of 140 x 140 x 500 mm?®.
The ingot was further homogenized at 1200 °C for 3 h and underwent
multi-step hot forging process, producing two smaller blocks each with
a final dimension of 70 X 70 x 1000 mm?>. The hot-forged blocks were
thereafter exposed to normal atmosphere and air cooled to room
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Table 1
Chemical composition of the investigated steel (wt%).
C Si Mn P S Cr Mo Al N Fe
0.18 039 075 0.010 0.022 035 050 0.03 0.0069 Bal

temperature. It was then followed by normalizing process at 900 °C to
get a homogeneous microstructure. Normalized blocks were cut to
smaller pieces out of which the so-called Navy C-rings were fabricated,
Fig. 1. Navy C-ring specimens are frequently employed by researchers
of the field to study the correlation between microstructure and heat
treatment-induced distortion [13-16]. The distortion-related results of
the current investigations are beyond the scope of this work and were
reported elsewhere [12].

(a)

70 mm

Core: Interior part
(not influenced by carburizing)
Case:Exterior part (carburized layer)

Body: Thickest part of the specimen

Head: Thinnest part of the specimen

Fig. 1. (a) Schematic illustration of the produced steel block in the as-forged
condition and the respective direction along which the Navy C-ring specimens
were fabricated. (b) Main sections of a Navy C-ring along with the corre-
sponding descriptions.

2.2. Heat treatment

The fabricated Navy C-rings underwent the heat treatment cycles
depicted in Fig. 2, which were carried out in a dual-chamber vacuum
carburizing furnace (ALD Vacuum Technologies GmbH"). According to
cycle A, after the carburizing stage at 950 °C the specimens were slowly
cooled down to 860°C and held isothermally for 15min before
quenching to room temperature. This batch of specimens was labeled as
C860_15. However, in cycle B, the specimens were cooled down to
775 °C and held isothermally for three various times, namely, 0, 5 and
15 min which were labeled as C775_0, C775_5 and C775_15, respec-
tively. Since the Ar; temperature of the base material (i.e.: core section)
is 800 °C (Ars measured by dilatometer, is the temperature at which
ferrite starts to transform out of the parent austenite during cooling at
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Fig. 2. (a) Cycle A where austenite in the core microstructure does not decompose at 860 °C. (b) Cycle B with the hardening temperature of 775 °C within the
intercritical region where ferrite can transform out of the parent austenite in the core. (Evac.: Evacuation the atmospheric gases inside the heat treatment chamber

prior to the vacuum carburizing; HPGQ: High Pressure Gas Quenching).
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Fig. 3. Microhardness profiles in the case of the heat-treated Navy C-rings. Next
to the diagram, the measurement path is exemplarily shown for ring C775_15
[12].

the rate of 4 °C/min), thus, no ferrite was expected to appear in the core
microstructure of C860_15. On the contrary, by conducting the heat
treatment at the hardening temperature of 775 °C, distinct fractions of
ferrite could generate in the core over different holding times. It is
worth mentioning that, as reported in the previous paper of the authors
[12], by performing the described case hardening cycles the surface
hardness properties of the Navy C-rings are maintained similar, Fig. 3.

Fig. 4 shows the time-temperature profiles captured inside of the
specimens C860_15 and C775_15 while being quenched down to room
temperature. The data were collected by means of a high temperature
measurement system (PhoenixTM") including a thermal barrier box
(TS02-235 QD), N-type thermocouple and a data logger (PTM1010).
The profile obtained for C775_15 is representative for specimens
C775_0 and C775_5 too, since they were quenched from the identical
temperature (775 °C).
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Fig. 4. Time-temperature profiles measured in the interior region (core) of the
selected Navy C-rings during the quenching stage.

2.3. Microstructural analysis

The heat-treated rings were cross-sectioned and metallographically
prepared (grinding, polishing and etching with 3% Nital) for micro-
structural analysis in the core region using light optical microscope
(LOM) and scanning electron microscopy (SEM). Besides, the micro-
structure and crystallographic texture characteristics were studied more
in detail employing electron backscatter diffraction (EBSD) technique.
Therefore, the samples were beforehand polished in multiple steps to
prepare a flat and scratch-free surface. The EBSD measurements were
carried out by means of a Schottky field-emission gun SEM, JEOL JSM-
7000F (JEOL Ltd) operated at 20kV and a step size of 100 nm.
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2.4. Mechanical tests

Using spark erosion method mini-Charpy V-notch specimens
(known as KLST specimens, Kleinstproben, DIN 50115) were manu-
factured out of the core of the heat-treated C-rings’ thickest section
(Body) to evaluate the impact toughness of the developed micro-
structures, Fig. 5. To generate sufficient statistical data, impact tests
were performed for six KLST specimens (fabricated out of two rings,
three KLST specimens each) per each heat treatment cycle at room
temperature employing a Zwick's HIT50 instrumented impact machine
with a 50 J pendulum.

Moreover, the overall hardness properties of the developed micro-
structures were inspected by means of a typical hardness equipment
(HV,). Additionally, local hardness of the microstructural constituents
was measured by nanoindentation using a Hysitron TI-900
TriboIndenter with a performech™ I Advanced Control Module. 250 uN
maximum load was applied for each indentation using a cube-corner
diamond tip with 40 nm radius. The tip area calibration was conducted
by indentation on fused silica before and after the measurements [17].

mini-Charpy V-notch specimens
« 50.80

+]19.05»

».
»

[0

27

DIN 50115

Fig. 5. Schematic illustration of the mini-Charpy V-notch specimens (DIN
50115) fabricated out of the core of the case-hardened C-rings’ thickest section.
(All dimensions in mm).

2.5. Multi-phase field modeling of microstructure evolution

A multi-phase field model implemented in the software MICRESS®
[18] was utilized to simulate the microstructure evolution during the
isothermal stage of the heat treatment cycles and also during the sub-
sequent quenching to room temperature. For the austenite to ferrite
transformation the required thermodynamic and kinetic data were
provided by coupling with the databases of Thermo-Calc’, namely,
TCFE7 and MOBFES3, respectively. For the simulation of bainite trans-
formation the required thermodynamic data was likewise provided by
TCFE7, whereas, the necessary kinetic data were taken from literature
[19]. 2D simulations were performed in an 80 x 80 urn2 domain size, a
grid size of 0.1 um and with periodic boundary conditions. Voronoi
tessellation was used to create an initial microstructure with a single
austenitic phase. This resembles the starting microstructure at the be-
ginning of the cooling stage from 950 °C down to 860 °C (cycle A) and
775 °C (cycle B), as shown in Fig. 2. The distribution of Voronoi seeds
and the corresponding radius were selected in such a way as to re-
produce the average prior grain size of austenite (20 um) obtained from
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Table 2

Nucleation parameters used for the simulation of bainite transformation.
Microstructure C860_15 C7750 C7755 C775_15
Nucleation undercooling (K) 120 110 125 172
Shield distance (um) 2.6 2.4 2.0 1.5

the experimental micrographs. Random orientation was assigned to the
grains in the initial microstructure. NPLE (Negligible Partitioning Local
Equilibrium) assumption was used to consider the mixed mode char-
acter of the transformation where interfacial mobility was used as an
adjustable parameter.

At the initial stage, the simulation of austenite decomposition into
ferrite during the temperature reduction from 950 °C down to 860 °C
and 775 °C was performed with the cooling rate adopted from the ex-
periments (4 °C/min) and followed by holding at the hardening tem-
peratures for the respective durations. A shield distance of 20 pym and a
shield time of 20 s was used to simulate the nucleation of ferrite. The
interfacial energy and the interfacial mobility used for the austenite to
ferrite transformation were oy = 4.0 X 1075 J/cm? and
Wi = 2.0 X 107° cm*/Js, respectively. Moreover, the simulation of mi-
crostructure evolution was further continued during the quenching
stage based on the experimentally-obtained thermal profiles (Fig. 4).
Using anisotropy functions, the bainite morphology and the formation
of retained austenite was described. Due to high computational costs no
carbide (e.g.: cementite) formation was considered in the present si-
mulations. Bainite was considered to nucleate and grow in the form of
sheaf at all the grain boundaries and at the bulk. Critical undercooling
for nucleation was used as a tuning parameter to match the bainite start
temperature with the experimentally-measured data. Furthermore, the
subunits of the bainite sheaves were assumed to have identical crys-
tallographic orientation and habit plane [20]. The shield parameter was
used as another tuning parameter to reproduce the bainite sheaf mi-
micking the experimentally-observed morphology. Table 2 shows the
nucleation parameters used for the bainite transformation simulation.

The temperature dependence of the interfacial mobility (uf") for the
simulation of austenite to bainite transformation was described by an
Arrhenius relationship as:

Hgv exp (ﬁ)

By _
Mo =T @

where p.qB)y = 0.9 cm*/Js, is the pre-exponential factor for mobility, and
Q =922kJ/mol [19], is the activation energy. uZ' is an adjustable
parameter and the value was chosen based on the best fit between si-
mulated and experimental phase fractions of bainite. R is the gas con-
stant and T is the temperature in Kelvin. Anisotropic interfacial energy
(GBV(I_{)) and anisotropic interfacial mobility (MBV(E))) were considered
to reproduce the bainite sheaf morphology. The interfacial energy and
interfacial mobility were considered as a function of normal to the in-
terface of the grain (%) in local coordinate system [21] as:

o®(R) = o¢’a° (1)

(2)

W () = pgtak (1)

3

where ob¥ = 5.0 x 1075 J/cm? [20], is the constant value of the inter-
facial energy. a° () and ¢ (1) are tetragonal anisotropy functions and
are given by:

a®(1) = [1 + 45{(nf + n} + nj—0.75)](1—n2 — 83n2) 4)

and similarly, for a* (ﬁ)). This is an inbuilt anisotropy function in the
software MICRESS". Anisotropy parameters used for interfacial energy
were &) =0.1 and & = 0.5, whereas, for mobility, &% = 0.2 and
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Bainite

sheaf

Austenite
(matrix)

Fig. 6. The simulated morphology of bainite sheaves.

8% = 0.05 were used. n,, n, and n, represent the x, y and z coordinates.
Anisotropy parameters were chosen based on the best fit between the
simulated and experimental bainite sheaf morphology. Fig. 6 shows the
typical morphology of bainite sheaves obtained with the anisotropy
functions used.

Besides, in order to determine the fraction of austenite which is

retained after quenching to room temperature (20 °C), the well ac-
cepted equation derived by Koistinen-Marburger was used [22]. The
respective martensite start temperature (M) was also calculated using
an empirical relation as described in Eq. (5) [23]. For the austenitic
areas with a M above room temperature, the austenite either fully
transforms to martensite or a part of it may retain. However, for those
areas with a M; below room temperature, the austenite is fully retained.
The minimum amount of carbon required to fully stabilize the austenite
at room temperature (critical carbon concentration) was calculated to
be 1.14 wt%.
M;(°C) = 539 — 423C—30.4Mn—17.7Ni—12.1Cr—11Si—7Mo 5)
where all the alloy contents (C, Mn, Ni, Cr, Si and Mo) are in weight
percent (wt%). After calculation of the fraction of retained austenite, it
was assumed that the remaining austenite transformed to martensite.

Materials Science & Engineering A 744 (2019) 778-789

3. Results
3.1. Microstructural characterizations

Fig. 7 shows the light optical micrographs (LOM) of the in-
vestigated microstructures. In C860_15 no ferrite (F) was identified
and the microstructure is a mixture of bainite (B) and martensite (M).
However, for the specimens which where intercritically annealed at
775 °C, ferrite transformed out of the parent austenite. Furthermore, it
is evidently seen that by increasing the isothermal holding time the
fractions of ferrite (f ) and martensite (f M) monotonically increase,
whereas, the fraction of bainite (fB) decreases. The quantitative
fractions of the developed phases are summarized in Table 3. The
volume fractions of the microstructural constituents were quantified
by applying the point-counting method on at least five representative
micrographs [24].

Fig. 8 displays the crystallographic textures of the developed mi-
crostructures analyzed by EBSD. It is obviously seen that by reducing
the temperature from 860 °C down to 775°C ferrite phase which is
corresponding to the area with a higher image quality (IQ) appeared in
the microstructure and advanced over time. This is more evident in the
calculated kernel average misorientation (KAM) maps where the frac-
tion of regions with a lower KAM values (representing ferrite) increases
over time at 775 °C. It should also be noted that by performing a longer
holding time at 775 °C, besides reduction in bainite fraction, the frac-
tion of retained austenite (f ®*) diminishes too. The indexed fractions
of retained austenite are 3.6%, 2.8%, 1.8% and 0.3% in C860_15,
C775.0, C775_5 and C775_15, respectively. Hence, it is inferred that
there is a direct correlation between the fraction of bainite and the
fraction of retained austenite. Both typical morphologies of retained
austenite, known as film-like and blocky shape are present in the de-
veloped microstructures.

Table 3
The quantitative volume fractions of the microstructural phases (point-counting
method).

Specimen Ferrite (F) Bainite (B) Martensite (M)
C860_15 - 86 + 5% 14 = 5%
C775_0 6 *+ 2% 77 £ 4% 17 = 3%
C775.5 20 = 5% 51 = 3% 29 + 4%
C775.15 30 + 2% 23 * 3% 47 = 2%

Investigated
region for LOM

Fig. 7. Light optical micrographs (LOM) of the investigated microstructures in (a) C860_15, (b) C775_0, (c) C775_5 and (d) C775_15.
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Fig. 8. EBSD results of the investigated microstructures in (a) C860_15, (b) C775_0, (c) C775_5 and (d) C775_15. Image Quality (IQ) maps, calculated Kernel Average
Misorientations (KAM) maps and Phase maps are respectively shown for each microstructure. The KAM values are calculated with a step size of 100 nm and over a
radius of 300 nm with a maximum misorientation of 5°. Note that the presented volume fraction of retained austenite (f ®*) in each case was determined from a
larger measurement area (100 x 100 um®) than what is displayed in this figure.

3.2. Mechanical properties

3.2.1. Charpy impact properties

The load-displacement curves obtained during the dynamic impact
mini-Charpy tests along with their corresponding key characteristics
are presented in Fig. 9. Each curve can be divided into two parts; (i)
area beneath the curves from the beginning up to the point of maximum
load (Fjnqx) which reflects the energy consumed by a microstructure
during crack initiation, E; (ii) area beneath the curves from the max-
imum load until the end point of the curve which represents the energy
consumed by a microstructure to resist crack propagation, E,. The total

E; : Crack initiation energy
2.0 Ej, : Crack propagation energy

E; : Total absorbed energy (E; + Ep)
= C860_15
Z 151 ——C775.0
; Fmax. C775 5
® ——C775_15
3 E
-og 1 0 b -
£

Displacement

Displacement [mm]

Fig. 9. The recorded load-displacement curves of the investigated mini-Charpy
V-notch specimens during impact tests.

energy (E) absorbed by a microstructure is therefore the summation of
the terms E; and E,. All main impact properties are summarized in
Table 4 for a better comparison.

As shown in Fig. 9 and Table 4, mini-Charpy specimens C860_15
demonstrate the largest Fyqx., E; and E, values as compared to the other
specimens. Among the ferrite-containing specimens, which were in-
tercritically annealed at 775 °C for different durations, the one with the
shortest holding time (C775_0) shows the best toughness properties,
but, less than C860_15. Furthermore, with extending the holding time
at 775 °C the toughness properties get proportionally degraded. Besides,
by reducing the temperature from 860 °C to 775 °C and applying longer
holding time, the relative contribution of energy consumption by crack
initiation (E;/E,) monotonically increases, whereas, the relative con-
tribution of energy absorption by crack propagation (E,/E,) decreases.

The SEM fractographs of the ruptured mini-Charpy specimens are
presented in Fig. 10. The macro-fractographs are displayed in
Fig. 10a-d. The fracture surfaces just beneath the notch root (labeled as
Area 1) are shown in Fig. 10e-h. As it is observed, except specimen
C775_15, which clearly revealed a mixed ductile-brittle mechanism in
Area 1, Fig. 10h, in rest of the broken specimens the fracture mode in
the mentioned area are entirely ductile with the typical dimples,
Fig. 10e—g. Besides, the area within the ruptured surface of each spe-
cimen where brittle fracture was firstly observed (labeled as Area 2),
Fig. 10i-1, was detected and its corresponding distance from the notch
root (d) was accordingly measured. In specimen C860_15, d is ap-
proximately 620 + 85um and progressively decreases in the other
specimens which were intercritically annealed at 775 °C and read as
follows: 550 + 75pum and 460 * 90 um for C775_0 and C775_5, re-
spectively. As pointed out above, in specimen C775_15 the cleavage
areas and dimples exist together directly below the notch root in a
mixed ductile-brittle mode, hence, d for C775_15 equals 0.

Table 4

Impact toughness properties of the investigated specimens.
Specimen Frax. (KN) E: (J) E, (J) E. (J) Ei/E, (%) E,/E, (%)
C860_15 2.07 = 0.06 3.45 = 0.2 3.57 = 0.1 7.02 = 0.2 49 51
C775.0 2.02 = 0.02 3.34 £ 03 2.84 = 0.4 6.18 = 0.4 54 46
C775.5 1.95 + 0.03 2.48 =+ 0.3 2.02 = 0.3 4.50 = 0.3 55 45
C775_15 1.91 + 0.04 1.82 = 0.4 1.25 £ 0.4 3.07 = 0.4 59 41
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Fig. 10. SEM fractographs of the broken mini-Charpy V-notch specimens. The macro-fractographs of the specimens are in (a-d) above which the corresponding
fractions of constituents in each case are also indicated. It should be noted that the presented fractions of retained austenite (f **) are a part of the bainite which were
distinguished and quantified through EBSD analyses. The area just beneath the notch root (Area 1), the area within the ruptured surface where brittle fracture was
firstly detected (Area 2) and the length difference between these two areas (d) are indicated. The magnified images of the fracture morphologies in Area 1 and Area 2

are in (e-h) and (i-1), respectively.

3.2.2. Hardness measurements

The overall Vickers hardness (HV;o) of the developed micro-
structures are presented in Table 5. It is readily deduced that despite
substantial differences in volume fractions of microstructural phases
(Table 3), the overall hardness values remain almost constant.

Fig. 11a shows the results of nanoindentation tests on the martensite
(M), bainitic ferrite (BF) and ferrite (F) of two selected samples, namely,
C860_15 and C775_15, the microstructural constituents of which are
present at their extreme fractions (Table 3). In Fig. 11(b-c) the SEM
images of the investigated microstructures along with the na-
noindentation impressions in various phases are displayed. It is seen
that the average local hardness of martensite (M) in C860_15
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(6.8 = 1.5GPa) is higher than that in C775_15 (6.0 = 0.6 GPa). It is,
however, to be noted that a larger degree of scattering in martensite
hardness is present in the former as compared to that in the latter (note
the error bars indicating the values of standard deviations). According
to the evaluated data, nanohardness of bainitic ferrite (BF) in C860_15

Table 5

Overall hardness values of the investigated microstructures.
Specimen C860_15 C7750 C7755 C775.15
Hardness [HV;0] 274 £ 6 267 = 5 265 = 6 269 = 5
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Fig. 12. Representative examples of the load-displacement curves obtained during the nanoindentation tests in Martensite (M), Bainitic ferrite (BF) and Ferrite (F) of

C860_15 and C775_15 are in (a) and (b), respectively.

(3.5 * 0.4 GPa) is similar to that in C775_15 (3.6 = 0.5GPa). Fur-
thermore, the nanohardness of ferrite (F), which was intercritically
transformed in C775_15, was measured to be 2.6 * 0.2 GPa.

The differences in local hardness of the microstructural phases are
more obvious in Fig. 12 where representative examples of the load-
displacement curves obtained for the investigated phases are plotted. As
shown in Fig. 12(a-b), the final indentation depth in martensite (M) of
C860_15 and C775_15 were recorded to be 27 nm and 33 nm, respec-
tively, which are consistent with the above-mentioned nanohardness
values. This quantity in bainitic ferrite (BF) of C860_15 was measured
to be 68 nm, however, this is 58 nm for its counterpart in C775_15.
Furthermore, the final indentation depth in ferrite (F) was measured to
be 76 nm in C775_15 which is the largest amongst the investigated
constituents implying its lowest resistance against indentation pene-
tration and thus, the lowest nanohardness, as described above.

3.3. Multi-phase field simulations

The results of multi-phase field simulations are shown in Fig. 13. The
simulated microstructural constituents including ferrite, bainitic ferrite and
the mixture of martensite and retained austenite are displayed in
Fig. 13(a—d). The corresponding carbon concentration and retained auste-
nite maps are also shown in Fig. 13(e-h) and Fig. 13(i-1), respectively. As
shown in the phase maps, Fig. 13(a—d), no ferrite appears in C860_15,
whereas, the fraction of ferrite progressively increases by extending the
holding time at 775 °C. The same also holds true for martensite. The evo-
lution of bainitic ferrite, however, follows an inverse trend. Furthermore, as
a result of ferrite and bainite formation, the respective carbon atoms are
rejected and then accommodated in the adjacent austenitic regions where
depending on the local morphology the level of carbon enrichment can be
quite different, Fig. 13(e-h). During the final stages of the quenching pro-
cess, depending on the local carbon content, a part of such carbon-enriched

785



H. Farivar et al.

C860 15

= Y
Ferrite
= 1
€ Bainitic
o ferrite
8
é I
Martensite j
wined |
Retained
austenite
v
g =
g
[
2
§ e 3 ]
o =
£2
) =
=
2
8 o
Q = 7
g
g
[
=
g O
@ Retained |
= austenite
RA
2 (RA)
R
<
e
5}
(a4

Materials Science & Engineering A 744 (2019) 778-789

C775_15

rf_g29,

Fig. 13. Simulated microstructural constituents including ferrite, bainitic ferrite and the mixture of martensite and retained austenite are in (a-d). The corresponding
carbon distributions are in (e-h). The predicted retained austenite (RA) maps are in (i-1).

regions may transform to martensite and the rest is retained (retained
austenite, RA). According to the retained austenite maps, Fig. 13(i-1), the
fraction of this phase is at the highest in C860_15 (4.4%) and gradually
diminishes in the ferrite-containing microstructures subjected to the longer
holding times; 2.2%, 2.0% and 0.2% in C775.0, C775_5 and C775_15, re-
spectively. Moreover, it is readily observed that the fraction of retained
austenite (f ®*) is directly proportional to the fraction of bainitic ferrite,
but, in an inverse proportion to the fraction of ferrite and martensite. The
quantitative fractions of all the simulated phases along with the corre-
sponding experimentally-obtained values are listed in Table 6 showing a
very good agreement between the simulated and experimental data.

Table 6

4. Discussion
4.1. Heat treatment-microstructure correlation

During the isothermal stage at 860 °C (cycle A), austenite is stable
solely and does not undergo any phase transformation. Further, during
the quenching stage, austenite, however, transforms to different phases
including bainite and martensite and a part of it is left as retained
austenite. On the contrary, however, at 775°C (cycle B) ferrite is
thermodynamically favored and therefore, can nucleate and progres-
sively grow by extending the holding time. Due to the low carbon so-
lubility of ferrite, while it develops, the excess carbon atoms are

The volume fractions of the microstructural constituents predicted by the phase field modeling (Sim.) in comparison with the corresponding experimentally-obtained

values (Exp.).

Ferrite (F) Bainite (B)

Martensite (M) Retained austenite (RA)

Microstructure

Sim. Exp. (LOM) Sim.” Exp. (LOM) Sim. Exp. (LOM) Sim. Exp.” (EBSD)
C860_15 - - 86% 86 + 5% 9.6% 14 = 5% 4.4% 3.6%
C775.0 8% 6 *+ 2% 73% 77 £ 4% 16.8% 17 + 3% 2.2% 2.8%
C7755 21% 20 = 5% 56% 51 = 3% 21.0% 29 * 4% 2.0% 1.8%
C77515 29% 30 £ 2% 24% 23 * 3% 46.8% 47 £ 2% 0.2% 0.3%

2 The simulated fractions of B presented here are basically the values of bainitic ferrite.
> The presented fractions of RA are a part of the bainite which were distinguished and quantified through EBSD analyses.
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rejected and accommodated in the adjacent austenitic regions, with
higher carbon solubility. The longer the intercritical holding time at
775 °C, the larger fraction of ferrite is created and hence, a higher level
of chemical stability is attained in austenite prior to the quenching. This
retards and restricts the subsequent diffusional phase transformation of
bainite and promotes the formation of martensite instead. Thus, de-
pending on duration of the holding time and the level of carbon en-
richment in austenite, different fractions of microstructural constituents
are developed under the same quenching conditions. This explains the
differences and the trends observed in fractions of microstructural
phases (Table 3).

Besides, as it was shown in Section 3.1, there is a direct relation
between the fraction of bainite and retained austenite. As it is well
documented in the literature, bainite is a mixture of plate-like ferrite
(can also have carbide in it, known as lower bainite) separated by re-
tained austenite, martensite or cementite, the development of which
can be described by a combined displacive and diffusional mechanism
[25,26]. Therefore, due to the formation of bainitic ferrite the excess
carbon atoms are partitioned into the neighboring austenite raising its
chemical stability [27,28]. Depending on the local chemical composi-
tion, morphology and dislocation density of this carbon-enriched aus-
tenite, a part of it may decompose to carbides and the other part may
either transform to martensite or retain. The retention of austenite,
thus, is more plausible in the microstructures where higher fractions of
bainite are generated. This elucidates the experimentally-observed re-
sults in the present work (Fig. 8). It is worth mentioning that the overall
intensity of carbon enrichment in the austenite of C860_15 with 82%
bainitic ferrite is much larger than that of C775_15 with 30% inter-
critically-transformed ferrite and 23% bainitic ferrite (i.e.: 53% in
total). This also agrees well with the outcomes of the phase field
modeling which showed that in C860_15, where larger fraction of
bainitic ferrite is developed, there exist many regions which are se-
verely enriched with carbon atoms leading to higher fraction of re-
tained austenite as compared to the ferrite-containing microstructures
(Fig. 13 and Table 6). Since the fraction of bainitic ferrite mono-
tonically decreases in C775_0, C775_5 and C775_15, thus, the level of
carbon enrichment induced by this phase decreases as well, hence, the
reduction in fraction of retained austenite.

4.2. Microstructure-mechanical properties correlation

It is well known that by making the microstructure more chaotic the
propagating cracks can frequently be deflected, hence, improving the
crack propagation resistance [9,29,30]. In this regard, bainite as a
microstructural aggregate comprised of bainitic ferrite plates with dif-
ferent orientations and intervening film-like retained austenite plays a
significant role. The effectiveness of bainitic sheaves are basically due
to their ability to constantly deviate crack propagation path which is, in
turn, caused by various crystallographic orientations and grain
boundaries of sub-structures [7]. Besides, upon the arrival of crack tip
at the film-like retained austenite, it may transform to martensite
(transformation-induced plasticity: TRIP effect) dissipating the energy
which would be used for crack advancement [31-33]. Furthermore, the
newly generated martensite also deflects the propagating crack. Hence,
bainite significantly contributes to the overall toughness properties.
This agrees well with the results of mini-Charpy impact tests (Fig. 9 and
Table 4) where larger amount of energy was dissipated in C860_15
during the crack initiation and propagation stages as compared to the
other microstructures. This is attributed to the higher fraction of bainite
and retained austenite present in C860_15, as confirmed by EBSD re-
sults (Fig. 8), in comparison to the other specimens. The amount of
bainite and retained austenite continuously decrease in specimens
C775.0, C775_5 and reach the minimum in C775_15, hence, their
toughness properties monotonically decrease. The effectiveness of bai-
nite and retained austenite in toughness properties was also evident by
analyzing the fracture surfaces of the mini-Charpy specimens (Fig. 10).
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It was clearly shown that in specimen C860_15, with the highest frac-
tion of bainite and retained austenite, the onset of brittle fracture was
more retarded in comparison to the other specimens. In fact, the widest
area where a ductile mechanism is dominant (d) belongs to specimen
C860_15 which thereafter gets narrower consecutively in specimens
C775_0, C775_5 and C775_15. This implies a wider crack initiation site,
in other words, a higher resistance against crack initiation in C860_15
as compared to the ferrite-containing microstructures.

Moreover, in specimens C775_0, C775_5 and C775_15 the fractions
of ferrite and martensite both progressively increase. This, in turn, in-
creases the fraction of ferrite-martensite grain boundaries with severe
hardness difference which facilitates the nucleation and progress of
secondary cracks. Besides, it is well known that increasing the fraction
of martensite as a brittle phase degrades toughness of a material [34].
Hence, impact toughness properties in the ferrite-containing specimens
proportionally decline by increasing the fractions of ferrite and mar-
tensite.

As it was presented in Table 5, irrespective of the differences in
fractions of microstructural constituents, the level of overall hardness
(HVyp) is similar in all the specimens. In C860_15, the microstructure
was mostly comprised of bainite and the overall hardness, therefore,
largely dominated by this phase. In specimens C775_0, C775_5 and
C775_15 the fraction of ferrite, as a soft phase, monotonically increases
expecting to decrease the overall hardness; whereas, the fraction of
martensite, as a hard phase, simultaneously increases too. This com-
pensates the overall hardness drop which could originate from in-
creasing the fraction of ferrite, and hence, keeps the overall hardness in
all of the investigated specimens at a similar level.

Due to the formation of large amount of bainite (B) in C860_15
(approx. 86%), many carbon atoms are accordingly partitioned into the
adjacent austenitic regions enhancing the local hardness of the resulted
martensite [35]. Depending on the local morphology and size of these
austenitic zones, the level of carbon uptake can be quite different. This
may lead to severe carbon enrichment in small austenitic regions and
heterogeneous carbon distribution in some coarser zones in which
carbon atoms have to diffuse farther to get equally dispersed [36-38].
But, due to the low diffusivity of interstitial carbon atoms in FCC
structure of austenite, this may hardly be realized during the course of
the quenching; hence, heterogeneous local hardness in martensite
[37,39,40]. This justifies the large degree of scattering in nanohardness
of martensite ( = 1.5GPa) observed in C860_15. These arguments
were also supported by the phase field simulations which showed that
the level of carbon enrichment in smaller austenitic regions of C860_15
are substantially high (approx. 0.8 wt%) and it decreases if the auste-
nite gets larger, Fig. 14 (line a). It is worth pointing out that in some
austenitic areas, the carbon concentration is beyond the critical value
(1.14wt%) and thus, austenite is fully retained. Furthermore, the
bigger austenitic regions are more susceptible to the formation of sharp
carbon gradients, where the marginal zones are decorated with higher
amount of carbon atoms (up to 0.6 wt%) and then gradually declines
towards the interior parts with an approximate concentration of 0.4 wt
%, Fig. 14 (line b). Besides, in C775_15, the average nanohardness of
martensite and the associated level of scattering diminish which is due
to the lower total fraction of bainite (B) and ferrite (F) which caused
less overall carbon rejection, hence, lower level of carbon enrichment
and also lower carbon inhomogeneity. As shown in Fig. 14 (lines ¢ and
d), the overall level of carbon enrichment in C775_15 is lower than that
in C860_15, hence, lower average nanohardness of martensite in
C775_15 as compared to C860_15 (6.0 = 0.6 GPa < 6.8 * 1.5GPa).
Additionally, as predicted by the simulations, it is revealed that re-
gardless of the austenite size, the carbon atoms are much more homo-
geneously distributed in the austenitic areas of C775_15. This, there-
fore, explains the lower level of scattering in martensite of C775_15 as
compared to that of C860_15 ( = 0.6 GPa < * 1.5GPa).



H. Farivar et al.

carbon profiles

Materials Science & Engineering A 744 (2019) 778-789

C860_15 C775_15

1.6 =
< o —o—a 3-3 EC
X 1.4 o | £ :
2 a :
‘= 1.21__]oritical carbon concentration “ C|| @ ;
S 114 wt.% ——d|| E :
= 1.01 c < !
© S~ :
S 0.8 < -
2 56l g
8 g
_§ 0.4 g
§ 0.2 S -
© S

0 S, (@)

0 2 4 6 8 10 12 14 16 5um

Distance [um]

Fig. 14. Variations of carbon concentration along the indicated lines and across different areas in the microstructures of C860_15 (lines a and b) and C775_15 (lines ¢

and d) simulated by means of the phase field modeling.

5. Conclusions

In the present paper, the correlations of post-carburizing heat
treatment-core microstructure-mechanical properties in a case hard-
ening steel were investigated. The results derived from this study are
summarized as follows:

1. At the hardening temperature of 775 °C, ferrite progressively de-
velops in the core over time and enriches the remaining austenite
with carbon. This retards and restricts the bainite transformation
during the following quenching stage and promotes the formation of
martensite instead. The fraction of ferrite and martensite are
therefore directly correlated to each other.

. During the formation of bainitic ferrite, excess carbon atoms are
partitioned into the neighboring austenite increasing its chemical
stability. Thus, there is a direct relation between the fractions of
bainite and retained austenite. Besides, the overall level of carbon
enrichment and, hence, the overall fraction of retained austenite is
determined by total fraction of bainitic ferrite and ferrite together.

. The improvement of impact toughness properties is in direct pro-
portion to the fraction of bainite and retained austenite and in in-
verse proportion to the fraction of ferrite and martensite. The ef-
fective role of bainite is attributed to the intrinsic structure with
many intermediate grain boundaries deflecting the propagating
cracks, therefore, enhancing the microstructure's resistance against
crack propagation. The presence of film-like retained austenite is
beneficial by blunting the crack tip during its propagation (TRIP
effect). On the contrary, the boundaries of ferrite and martensite
grains with a severe hardness difference can trigger crack nucleation
giving rise to degraded toughness properties.

. Despite substantial differences in volume fraction of microstructural
phases, the overall hardness values are similar in all the investigated
microstructures. In the specimens quenched from 860 °C, the overall
hardness is largely dominated by bainite. In the ferrite-containing
specimens, while fraction of ferrite increases, the fraction of mar-
tensite increases too, retaining the overall hardness similar to that in
C860_15.

. The results of the phase field modeling such as the predicted frac-
tions of microstructural constituents, particularly the fraction and
morphology of retained austenite and the corresponding level of
carbon enrichment agree well with the experimental observations.
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