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This study aims to investigate the mechanical behavior of a medium-silicon low-
alloy steel subjected to quenching and partitioning (QP) heat treatment and to
compare it with that of step quenching (SQ). Microstructural observations were
carried out using field-emission scanning electron microscopy (FE-SEM) with
electron backscatter diffraction (EBSD) and transmission electron microscopy
(TEM). Furthermore, mechanical tests including hardness, tensile, and impact
tests, as well as phase analysis by X-ray diffraction (XRD), were employed. The
results revealed that the product of ultimate tensile strength and total elongation,
a reliable criterion for evaluating advanced high-strength steels, increased from
2.4 to 10.2GPa % in QP samples at 280°C, compared with SQ samples at 720°C.
The improvement in the mechanical properties of QP specimens is attributed to
a micro-composite microstructure containing carbide-free tempered martensite
(CFTM), fresh martensite (FM), carbide-free bainite (CFB), and retained austenite
(RA). This differs from the ferrite—-martensite dual-phase microstructures of SQ
specimens. Moreover, the Charpy impact energy of SQ specimens was 3.5J, while
the QP specimens exhibited the highest impact energy absorption with 5.5J.

1. Introduction

Advanced high-strength

steels
been extensively investigated to achieve an optimal
combination of mechanical properties and toughness

while simultaneously reducing production costs [1, 2].
These investigations have been carried out in particular
in the automotive industry to address concerns about
reducing the weight of steel components to save energy
and raw materials [3, 4]. Dual-phase (DP) steels exhibit
desirable mechanical properties, including high tensile
strength and a high work-hardening rate [4]. These

(AHSS) have

* Corresponding Author

Email: alikhajesarvi@yahoo.com

Address: Department of Mining and Metallurgical Engineering,

Yazd University, Yazd, Iran
1. Ph. D., 2. Associate Professor

DOI: http://10.22034/1J1SS1.2026.2070586.1328

favorable properties are attributed to their microstructural
characteristics, in which the soft ferritic matrix ensures
adequate ductility, while the harder phase (bainite or
martensite) provides load-bearing capability [5]. One
of the heat-treatment cycles used to obtain a dual-phase
microstructure is SQ. In the SQ process, the steel is heated
to the single-phase austenite region. After complete
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austenitization, it is transferred into a molten salt bath at
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the dual-phase ferrite—austenite region, followed by rapid
quenching from the selected temperature [6].

The QP heat treatment is a novel and effective process
for the design and production of the third generation of
AHSS. The QP cycle consists of a four-step heating and
cooling route: (1) austenitization, (2) rapid quenching
in a molten salt bath to form a partial fraction of
martensite along with austenite, (3) carbon partitioning
from martensite into the adjacent austenite at higher
isothermal temperatures to stabilize RA, and (4) rapid
cooling in water or oil down to room temperature [7-11].
It is believed that with a smart design of the QP cycles, an
enhanced combination of tensile strength and formability
can be achieved [12].

The stabilization of RA is influenced by several
factors, including the size of prior austenite grains, carbon
concentration and alloying elements in the steel, lattice
strain caused by tensile and compressive stresses, and
morphology [13]. In the automotive industry, one of the
key parameters in determining vehicle crash resistance is
energy absorption capacity [14]. The product of tensile
strength and uniform elongation is a reliable criterion
for evaluating the balance between tensile strength and
ductility in AHSS for engineering applications [15, 16].
Accordingly, in this research, the formation of micro-
composite microstructures consisting of mixtures of
retained austenite—martensite and ferrite—martensite, and
their relationship with the mechanical properties of a
medium-silicon low-alloy steel under QP heat treatment,
are studied and compared with those obtained under SQ
conditions.

2. Materials and Methods

The chemical composition of the 35CHGSA
commercial-grade steel used in the present study is
illustrated in Table 1. Heat treatments are carried out
in electric resistance furnaces and molten salt baths.
Critical temperatures, including the initial (Ac,) and final
(Ac;) temperatures for austenite formation, as well as
the martensitic transformation start (M) and finish (M)
temperatures, are determined using dilatometry (Fig.
1.). The critical temperatures and the ranges of phase
transformations are plotted using JMatPro 8.0 (Fig. 2.).
To achieve uniform and homogeneous microstructures in
the initial specimens, all samples were first austenitized
at 900°C for 15min and then air-cooled to room
temperature. To obtain the SQ specimens, the samples
were reheated at 900°C for 15min and then held in a
molten salt bath at 720°C for Smin. The QP heat treatment
cycles consisted of heating to 900°C for 15min, primary
quenching in a molten salt bath at 280°C, holding for 1
min to promote carbon partitioning, and finally quenching
in water to room temperature. The heat treatment cycles
employed in this study are schematically detailed in
Fig. 3. Microstructural observations were carried out
using a field-emission scanning electron microscope
(FE-SEM, TESCAN-MIRA3). The distribution of
different microphases was examined using EBSD
analysis. Transmission electron microscopy (TEM)
was conducted using a FEI Tecnai F20 microscope at
200kV. Thin foils (~3mm) were punched from 70pum
thick foils and twin-jet electropolished in a solution

Table 1. Chemical composition of the investigated commercial grade of 35CHGSA steel (in wt.%).

C Si Mn Cr S P Mo Ni Ti \% Fe
0.35 1.25 0.89 1.18 0.01 0.01 0.01 0.04 0.03 0.01 96.2
140 +
Ac1 =795C
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100 ]

Change in length (pum)
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Sample Temperature ("C)

Fig. 1. The graph of changes in the length of the sample in terms of temperature resulting from the dilatometric
thermal test in order to determine the critical temperatures on the 35CHGSA steel sample.
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of 6% perchloric acid and 94% methanol at —20°C.
Sample preparation was performed at room temperature
using a voltage of 20kV and a current of 0.8 A for 15
to 60 seconds. X-ray diffraction (XRD) analysis was
performed at room temperature using an Asenware
AW-DX300 diffractometer with Cu-Ka radiation
(A = 0.1542nm). Vickers macrohardness measurements
were conducted with a load of 30kg using a
DIA-Testor 722 hardness tester. For tensile testing,
three specimens were prepared in the rolling direction in
accordance with DIN 50125 (2004-01), and the tests were
performed on a SANTAM STM-150 universal testing
machine. The reported tensile results represented the
average values of these three specimens. Charpy impact
specimens (55x10x5mm V-notch) were tested according
to the ASTM A370 standard. To ensure reproducibility,
three specimens were tested per heat treatment cycle, and
the average impact energy was reported.

3. Results and Discussion
3.1. Electron Microscopy Observations

Fig. 4. illustrates the FE-SEM microstructures
of the steel under QP in comparison with SQ. The
microstructure of the SQ specimens consists of a
mixture of ferrite, FM, and RA (Fig. 4a.), whereas the
QP-treated specimens exhibit a mixture of CFTM, FM,
and RA (Fig. 4b.). The initial martensite formed during
direct quenching in the molten salt bath at 280°C is
tempered during the 1-min partitioning step. This type
of martensite, forming partially adjacent to the primary
austenite regions, appears as blocky structures in the
microstructure. During isothermal holding in the 280°C
molten salt bath, carbon diffuses from the supersaturated
martensite into the adjacent untransformed austenite,
thereby increasing the carbon content of the austenite
phase. This reduces the martensite start temperature
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Fig. 2. Temperature-time-phase transformation (TTT) diagram of 35CHGSA steel used in the present study.

g
Py . .
g 900°C, 15 min
- I N AC3
£ :
= 720°C, 5min
B~
--------------------------------------------------- Ms
280°C, 1 min
--------------------------------------------------- MFr
RT A 4

QP S‘b Time

Fig. 3. Schematic diagrams of the heat treatment cycles used for SQ and QP samples.
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(Ms) and facilitates the formation of fresh martensite/
retained austenite. No evidence of carbide formation is
observed in the QP specimens, which can be attributed
to the effect of silicon in delaying carbide precipitation.
Silicon, due to its insolubility in carbide phases, inhibits
carbide formation during the partitioning heat treatment
[17-19]. Additionally, silicon delays the transformation
of unstable carbides from the first tempering stage
(m or € carbides) to stable cementite (Fe;C) during the
final tempering stage [20-22].

3.2. TEM Microstructural Observations

Fig. 5. displays TEM images of QP specimens in
light and dark backgrounds using electron diffraction

of the RA. The selected area electron diffraction
pattern (SAEDP) is shown on the left and top of the
light-background image, and the corresponding dark-
background image is shown on the right, using electron
diffraction of the RA. TEM investigations, including
comparisons of dark- and light-field images and electron
diffraction pattern analysis, indicated the formation of a
soft phase in the RA among needle-shaped martensite
crystals in DWQ samples. Further electron microscopy
investigations of the microstructure of the QP samples
revealed no carbide formation. The presence of 1.25wt.%
silicon effectively prevented carbide formation, even with
the presence of significant amounts of carbon (0.35wt.%
carbon) at the relatively high partitioning temperature of
280°C.

. 10pm

Fig. 4. Scanning electron microscopy images of the microstructures of: (a) SQ; (b) QP sample. The regions of ferrite, fresh
martensite, tempered martensite, carbide-free tempered martensite, fresh martensite/retained austenite, and carbide-free
tempered martensite/retained austenite are denoted by F, FM, TM, CFTM, FM/RA, and CFTM/RA, respectively.
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-

Fig. 5. Transmission electron microscope images of the microstructure of QP specimens. The Selected Area Electron
Diffraction Pattern (SAEDP) of martensite and retained austenite is shown on the top left of the light background (a) and
the corresponding dark background (b) on the right. Martensite regions are marked with the letter M.
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3.3. EBSD Microstructural Observations

Phase distribution maps obtained from EBSD can
be used to investigate the spatial distribution of phases
within the microstructure. The phase analysis of SQ and
QP specimens is presented in Fig. 6. As illustrated in
Figs. 6a and 6b, the microstructure of the SQ specimens
consists of martensite/ferrite phases (red). The images
of the QP specimens reveal the presence of 97vol.%
martensite (red) and 3vol.% retained austenite (RA, blue)
after partitioning at 280°C for 1min (Fig. 6a and 6b.). At
elevated partitioning temperatures, carbon diffusion into
adjacent untransformed austenite regions is enhanced,
further lowering the martensite start temperature (Ms)
and thereby stabilizing retained austenite during the
final rapid-cooling stage. Despite selecting a step size of
40nm for EBSD analysis, the quantitative determination
of RA fractions in these specimens cannot be fully relied
upon. During surface preparation, retained austenite may
transform into martensite under mechanical loading,
and thin RA films with thicknesses below 50nm cannot
be detected. Another factor limiting the reliability of

50um

quantitative results is that the analyses are performed on
very small regions, which may not represent the overall
microstructure because of potential local heterogeneities.

3.4. Volume Fraction of Retained Austenite

Fig. 7. illustrates the X-ray diffraction (XRD)
patterns of the QP specimens compared to the SQ
specimens for a more comprehensive investigation.
In the XRD patterns, the (110), (200), and (211) peaks
correspond to martensite/ferrite, while the (111), (200),
and (220) peaks are attributed to RA. The RA peaks
are clearly distinguishable in the QP specimens. Based
on peak intensities in the diffraction patterns and using
the Rietveld method, the volume fraction of RA in the
QP specimens was determined to be 7%, whereas the
RA fraction in the SQ specimens was lower. These
results indicate that partitioning facilitates significant
carbon transfer from FM to adjacent austenite regions
during holding in the molten salt bath at 280°C, thereby
stabilizing a substantial amount of retained austenite in
the final water-quenching step.
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Fig. 6. Phase map images obtained from EBSD for the samples: (a) SQ; (b) QP. In these images, the red color
indicates the martensite phase, while the blue color represents the retained austenite phase.
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Fig. 7. X-ray diffraction (XRD) patterns of the samples subjected to (a) SQ in comparison with (b) QP treatment.
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3.5. Tensile Properties

The engineering stress—strain curves of the SQ
and QP specimens are compared in Fig. 8, and the
average tensile properties are summarized in Table 2.
According to the tensile results presented in Table 2.,
the SQ specimens exhibit a yield strength of 1290MPa,
ultimate tensile strength (UTS) of 1353MPa, and the
lowest total elongation (1.8%). The total elongation of
the QP specimens increased significantly to 6.7%, while
the yield strength was remarkably maintained above
1291MPa, and the UTS increased to 1592MPa. These
results indicate that the QP-treated specimens possess
an optimal combination of tensile properties compared
with the SQ specimens, with the product of UTS and
total elongation increasing significantly to a maximum
of 10.2GPa-%. As previously mentioned, the product
of UTS and total elongation (PSE) serves as a reliable
criterion for evaluating the balance between tensile

strength and ductility in advanced high-strength steels
for engineering applications.

The notable improvement in the engineering
properties of the QP specimens is attributed to the
formation of a micro-composite microstructure
comprising CFTM, FM, and RA. The formation of
hard martensitic crystals contributes significantly to
the strength enhancement of the QP specimens within
a lmin partitioning time. At the same time, the soft,
thin interlayered RA films play a key role in improving
ductility. Specifically, these thin RA films located
between hard martensitic crystals can hinder crack
initiation and propagation during plastic deformation,
thereby significantly enhancing toughness. Moreover,
RA can partially transform into martensite during
tensile testing, providing a TRIP effect that mitigates
stress concentration, delays necking, and consequently
increases both tensile strength and uniform elongation
[23, 24].
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Fig. 8. Engineering stress—strain curves of the samples subjected to QP treatment compared
with those of the SQ samples.

Table 2. Tensile strength, yield strength, uniform elongation, total elongation, and the product of
tensile strength and uniform elongation obtained from tensile tests under quenching and partitioning
heat treatment compared with step quenching.

Sample
YS(MPa) UTS (MPa) UEL (%) TEL (%) UTSXUEL(GPa.%)
Characteristic
SQ 1290 1353 1.8 1.8 24
QP 1291 1592 6.4 6.7 10.2
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3.6. Toughness

The comparison of the Charpy impact energy of
the SQ and QP specimens is presented in Fig. 9. The
results indicate a significant difference in Charpy energy
absorption between the specimens. The SQ specimens
exhibit a Charpy impact energy of 3.5], whereas the
QP specimens deliver a higher impact energy of 5.5J,
indicating superior energy absorption (enhanced
toughness). The remarkable increase in impact energy
of the QP specimens is attributed to the formation of a
micro-composite microstructure comprising fine needle-
like martensitic crystals adjacent to soft RA. The thin RA
films located between martensitic needles or laths act
as barriers to crack initiation and propagation, thereby
improving toughness and impact resistance, because
the RA phase is softer and more ductile than the hard
martensitic phase. In fact, the thin RA films positioned
between hard martensitic crystals, oriented perpendicular
to the crack propagation direction, reduced triaxial stress
conditions at the crack tip and hindered crack growth [25,
26]. Moreover, retained austenite with an FCC crystal
structure inherently exhibits greater plastic deformability
and toughness than the hard BCT martensitic phase.

Charpy Impact Energy (J)
s

SQ QP

Sample marke

Fig. 9. Comparison of Charpy impact energies of the
samples subjected to QP treatment with those of the SQ
samples.

4. Conclusions

This study aimed to investigate the mechanical
behavior of a medium-silicon low-alloy steel (Fe-0.35C-
1.25Si-0.89Mn-1.18Cr) subjected to step quenching (SQ)
and quenching and partitioning (QP) heat treatments. The
main findings can be summarized as follows:

e The presence of 1.25wt.% Si along with 0.89wt.%

Mn prevented carbide formation during the Imin

89

partitioning process at 280°C.

* The total elongation of the QP specimens increased
significantly from 1.8% (SQ) to 6.7%, while the yield
strength remained unchanged at 1290MPa.

e The mechanical properties of the QP specimens
were remarkably improved compared with the SQ
specimens. The product of ultimate tensile strength
(UTS) and total elongation for the SQ specimens
was 2.4GPa-%, whereas it increased substantially to
10.2GPa-% for the QP specimens.

* The Charpy impact energy of the SQ specimens was
3.5J, while the QP specimens exhibited a higher
impact energy of 5.5J, indicating superior toughness.
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