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This study examines the impact of austempering time on the
mechanical properties of 0.8C experimental steel with inverse
bainitic microstructures. Samples were austenitized at 900 °C
and austempered at 420 °C for 30, 60, 90, and 120 minutes.
The effects on hardness, impact toughness, and (UTS) were
analyzed. Microstructural evaluations by optical microscope,
scanning electron microscope, and energy dispersive
spectroscopy confirmed the formation of inverse bainite.
Mechanical testing showed that increasing austempering time
leads to higher hardness due to cementite lath growth and
reduced ferrite content, but also results in lower Charpy
impact energy, indicating reduced toughness. While UTS
initially decreases, it increases sharply after 120 minutes,
accompanied by brittle fracture. This study suggests that
prolonged austempering enhances hardness and strength but
increases brittleness, making these structures less suitable for
applications involving sudden forces.
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Introduction:

A conventional heat treatment process known as intercortical annealing is employed to
produce ferritic-bainitic microstructures with enhanced mechanical properties. In hypo-
eutectoid steels, this treatment results in the formation of bainite, while in hyper-eutectoid steels,
the eutectoid transformation leads to the development of inverse bainite. In bainite, the
eutectoid transformation primarily involves the nucleation of ferrite from the parent austenite.
In contrast, inverse bainite sees cementite nucleate first from the parent austenite, followed by
the formation of ferrite [1]. Author’s proposal [1], research on inverse bainite has been limited.
Existing studies mainly focus on identifying and understanding its microstructure [2][3][4],
exploring the diffusion of various elements during transformation [5][6], and investigating its
morphology [6][7] and resulting mechanical properties [8][9]. TEM studies conducted by [2]
demonstrated that in inverse bainite, cementite initiates nucleation first, with ferrite subsequently
forming at the interface between the pro-eutectoid cementite and austenite. In [10] regarded the
bainitic transformation in hypereutectoid steel as a diffusion-displacive-controlled
transformation. Isothermal bainite transformation is associated with notable volumetric
expansion, as evidenced by numerous studies employing dilatometry to assess bainitic
transformation [11][12].

Hypereutectoid steels find extensive applications in cutting tools [13], bearings [14],
springs [15], rails, dies, molds [16], and armor plates [17], which has prompted significant
research into their properties and performance. Most research has concentrated on evaluating
the microstructure, with no comprehensive studies, to our knowledge, on the effect of
austempering temperature and/or time on the final mechanical properties of inverse bainite.
Although there are several studies on the mechanical properties of bainite. For example, [18]
observed that raising the austempering temperature from 180 °C to 260 °C increased the bainite
content from 3.5% to 36.1%. They also found that increasing the temperature led to a decrease
in both the hardness and impact strength of the steel. This reduction was attributed to the
weakening of dispersion strengthening, which was linked to the growth of carbide particles. A
comparable study by [19] examined the impact of austempering temperature on the
microstructure and mechanical properties of 0.7C steel. They reported that as the austempering
temperature increased, the volume fraction of retained austenite also rose, leading to an
improved combination of strength and ductility [20] reported that increasing the austempering
time resulted in a higher yield strength. However, no significant effect was observed on
microhardness. This variation was attributed to differences in the quantities of constituents
formed during the isothermal treatment. Specifically, high hardness values were associated with
the presence of martensite, while lower values reflected the influence of bainite and retained
austenite. The increase in yield strength was due to the significant presence of martensite and
bainite sheaves. A recent study by [21] examined the impact of austempering time on the
mechanical properties of low-carbon steels and reported that extending the austempering time
led to an increase in yield strength, which was linked to a higher amount of retained austenite
with elevated carbon content.

Detailed studies on the effect of austempering time on the mechanical properties of
hypereutectoid steel with an inverse bainite morphology are currently lacking. Therefore, this
study aims to investigate how varying austempering times impact the mechanical properties of
0.8C hypereutectoid experimental steel. The research includes heat treatment, microstructural
evaluation, and assessments of mechanical properties through hardness testing, tensile testing,
and impact testing. The goal is to enhance the understanding of these materials and improve
their utilization in engineering applications.

Materials and Methods:
Materials: A hypereutectoid steel composition with 0.8% carbon was selected to facilitate the
formation of inverse bainite [4][22]. The steel used in this study was sourced from New Shalimar
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Steel (Pvt) Limited, Lahore, Pakistan. A total weight of 20 kg was produced in an induction
furnace using steel scrap. The steel was initially cast into ingots, which were subsequently hot-
rolled into sheets with a thickness of approximately 10 mm. The chemical composition of the
prepared steel was analyzed using an emission spectrometer, and the results are detailed in Table
1.
Table 1. Chemical composition (wt.%) of the experimental Steel

Element | C Si Mn | P S Cr | Ni
Wt.% 0.81]0.97 | 1.60 | 0.07 | 0.03 | 0.84 | 1.16

For mechanical testing, dog-bone-shaped samples were wire-cut from the steel sheets in
compliance with ASTM E-8 standards. Charpy V-notch impact samples were also prepared from
the 10 mm thick plate using wire cutting, following ASTM E23 standards. Additionally, round
samples of ~ 12 mm diameter were cut from steel rods using a disc cutter for heat treatment
and metallographic analysis. Following the cutting process, the samples underwent a cleaning
procedure to remove grease, rust, oil, and other contaminants from their surfaces. Once cleaned,
the surfaces were rough-ground with P100-grade grinding paper to eliminate scale. To facilitate
handling, specimens were secured with Ni-Chrome wire.

Heat treatment:

The austempering heat treatment was conducted on the experimental steels using salt-
bath furnaces. The samples were austenitized at 900 °C for 30 minutes (1800 seconds) in an
electric muffle furnace. The austempering temperature was meticulously chosen to lie between
the (Bs) and the (Ms). This selection ensured the formation of bainite while preventing the
formation of martensite. The Bs and Ms temperatures were calculated using empirical equations
1[23]and 2 [24].

Bs (°C) = 656 — 57.7C — 7581 — 35Mn — 15.3Ni — 34Cr — 41Mo 1
Ms (°C) = 539 — 432C — 30.4Mn — 17.7Ni — 12.1Cr — 7.5Mo 2

By substituting the composition into equations (1) and (2), we obtained a Ms
temperature of 412 °C and a Bs temperature of 435 °C. Therefore, an intermediate temperature
of 420 °C was selected for the austempering process. After austenitizing, the specimens were
quickly transferred to a salt bath composed of 50% KNOj3 and 50% NaNOg3, which was
maintained at 420 °C. The specimens were then tempered for 30, 60, 90, and 120 minutes before
being air-cooled. The heat treatment cycle is illustrated in Figure 1.

Metallography:

The heat-treated samples were initially rinsed with water to eliminate any residual salt
from their surfaces. Following this, any remaining scale was carefully removed using P100-grade
grinding paper. The specimens were then mounted in Bakelite powder using a Buehler automatic
mounting press set at 1000 psi. Once mounted, the samples underwent standard grinding and
polishing procedures to achieve a smooth, uniform surface. For microstructural analysis, the
polished samples were etched with a 2% Nital solution (2% HNO3 in 98% ethanol)o, which
facilitated the examination of their microstructure.

Microscopy:

Light optical microscopy was performed using a Leica DM 15000 M research
microscope, equipped with a digital camera for detailed imaging of the specimens'
microstructures. For (SEM), microstructural images were obtained using an FEI Inspect S-50
microscope operated at 15 kV to capture detailed surface features and morphology of the heat-
treated samples.
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Figure 1. Austempering heat cycle adopted for experimental steel.
Mechanical Testing:

The Vickers hardness of the heat-treated samples was measured using a Shimadzu
Micro-Hardness Tester. Charpy impact tests were conducted on V-notch specimens using a 300
J ZBC2152 metal pendulum impact machine. Tensile testing was performed at room
temperature using a 300 kN electromechanical tensile testing machine. Three readings for each
test were taken per sample, and the average value was calculated to ensure consistency.
Results and Discussion:

Optical Microscopy:

— = 2 (= See P2 S : TR 3
Figure 2.Optical micrographs showing inverse bainite morphologies in
time of (a) 30 min (b) 60 min (c) 90 min (d) 120 min. 2% Nital etched

Light optical metallographic images of the 0.8C experimental steel exhibiting inverse
bainitic microstructures after austempering heat treatment for different time intervals are
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presented in Figure 2. As-received or annealed state, the steel initially exhibits a ferrite-pearlite
structure. However, upon cooling from the austenitizing temperature of 900 °C to the
austempering temperature of 420 °C, the structure transforms into inverse bainite. This
transformation occurs due to the supersaturation of cementite in the austenite, which results in
the formation of Widmanstitten cementite plates. This alteration disrupts the eutectoid
structure, thereby promoting the development of inverse bainite [25]. Figure 2(a) shows the
microstructure of a specimen austempered for 30 minutes, revealing a lath-like arrangement of
cementite within the bainitic ferrite matrix. This microstructure should be classified as inverse
bainite, as cementite appears to be the primary nucleating phase, unlike the ferrite-dominant
phase seen in conventional bainite. Inverse bainite is characterized by the nucleation of acicular
units within the austenite grains, which then grow in multiple directions, resulting in the
formation of spiky nodules as shown in Figure 2(a). A similar observation of inverse bainite is
evident in the images shown in Figure 2(b-d) corresponding to longer austempering durations
of 60, 90, and 120 minutes, respectively. Notably, the cementite laths become finer and longer
with increased austempering time, while the white areas representing ferrite become smaller
overall.

Scanning Electron Microscopy:

Figure 3 presents SEM images of 0.8C experimental steel austempered to develop an
inverse bainitic structure for various austempering times. In these images, small midribs with
higher carbon content at the center, identified as cementite, are surrounded by ferrite. This
feature, characteristic of inverse bainite where cementite is the primary nucleating phase, is
evident across all austempering conditions shown in Figure 3 (a-d). These SEM images provide
an overview at lower magnification; for further confirmation, a higher magnification image is
used for SEM-EDS analysis. Since the primary focus of this paper is on the effect of
austempering time on mechanical properties, detailed microstructural identification and
evaluation are beyond its scope. Consequently, high-magnification SEM and/or TEM images
are not provided in this study.

Figure 3. SEM micrographs showing inverse bainite morphologies in 0.8% C after an
austempering time of (a) 30 min (b) 60 min (c) 90 min (d) 120 min. 2% Nital etched.
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SEM-EDS Spot Analysis:

SEM-EDS analysis was performed at three specific locations, as highlighted in Figure 4,
to identify the inverse bainite microstructure, which includes cementite midribs, ferrite, and
retained austenite. The accompanying table details the carbon concentrations at each of these
points, confirming the presence of these phases.

Spot1 Spot2

. __‘\ . Element

VT B R
O Eps spot3 [

5
2844 \
5 \ o

Figure 4. SEM micrograph of 0.8%C experimental steel austempered for 30 minutes, with
EDS spot analysis conducted at three distinct locations. The spots correspond to areas
potentially containing cementite, ferrite, and retained austenite. Red arrows are pointing

towards very small areas potentially retained austenite.

Spot 1, with a carbon concentration of 6.21%, corresponds to cementite, known for its
high carbon content and hardness. This suggests that Spot 1 represents a cementite midrib, a
typical feature in the microstructure of austempered steel. Spot 2, with a carbon concentration
of 1.02%, closely relates to the composition of ferrite, a softer and more ductile phase with a
(BCC) structure and low carbon content. Spot 3, showing a carbon concentration of 4.22%,
indicates transition carbide. It might also be retained austenite, a phase stabilized by its higher
carbon content and (FCC) structure, which allows it to persist at room temperature [26]. This
retained austenite is enriched with carbon because the bainite formation rejects carbon, which
diffuses into the nearest austenite, enhancing its stability. Retained austenite enhances the steel's
impact toughness and ductility. These SEM-EDS analyses provide a comprehensive
understanding of the microstructure of the austempered 0.8C experimental steel, illustrating the
significant impact of the austempering process on the distribution and characteristics of
cementite midribs, ferrite, and retained austenite, and consequently, on the steel's mechanical
properties and overall performance.

Micro Vickers hardness:

The hardness of the inverse bainite is initially lower than that of the ferrite-peatlite
structure in the as-received sample. However, as indicated by the bar graph in Figure 5, the
hardness increases with longer austempering times. Specifically, the hardness of the inverse
bainite formed after 120 minutes of austempering is significantly higher than that of the steel
austempered for 30 minutes.

This increase in hardness with extended austempering time can be attributed to two
main factors. Firstly, the size of the cementite laths increases with longer austempering
durations. Larger cementite laths contribute to higher hardness due to their inherent brittleness
and strength compared to ferrite. Secondly, the content of ferrite, which is a softer phase,
decreases as the austempering time increases. This reduction in ferrite content means that the
proportion of harder phases, such as cementite, is higher, contributing to the overall increase in
hardness. Additionally, the extended austempering time facilitates greater carbon diffusion out
of ferrite, leading to the formation of carbon-rich carbides, as previously reported in
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hypereutectoid steel by atom probe analysis [27]. These carbides further enhance the hardness

and UTS values. These microstructural changes collectively improve the mechanical properties

of the inverse bainitic steel.
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Figure 5. Bar chart showing the effect of austempering times on the Vickers hardness of 0.8C
experimental steel
Impact toughness by Charpy test:

The Charpy impact properties at a constant austempering temperature of 450 °C, but
with varying austempering times from 30 to 120 minutes, are presented in the graph shown in
Figure 6. As anticipated, the energy absorbed decreases with increased austempering time.
Specifically, the samples austempered for 30 minutes exhibit the highest energy absorption,
which then declines with longer austempering durations. However, it is noteworthy that the
samples austempered for 30 and 60 minutes still demonstrate better toughness compared to the
as-received samples.

The decrease in Charpy impact energy with extended austempering time can be
attributed to several factors. Firstly, prolonged austempering leads to the coarsening of
cementite laths, which increases the steel's brittleness. Additionally, the reduction in ferrite
content, a softer and more ductile phase, contributes to the decreased toughness. Ferrite helps
absorb impact energy and impede crack propagation; with less ferrite, the material loses some
of its ability to deform plastically under impact, resulting in lower toughness. These results
indicate that the inverse bainitic structure, especially when achieved with longer austempering

times, is not ideal for applications subjected to sudden impacts or forces [28].
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Figure 6. Bar chart showing the effect of austempering times on the toughness of 0.8C
experimental steel
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Tensile Testing:

Figure 7 illustrates the UTS across different austempering temperatures. The
comparative analysis of UTS values across various austempering durations, reveals that the
tensile strength initially decreases from the 30-minute to the 90-minute austempering times due
to the predominance of ferrite over fine cementite laths. In contrast, the 120-minute
austempered steel shows the highest UTS due to the presence of coarser cementite laths and the
formation of carbon-rich carbides [27]. However, this also increases crack propagation and

brittleness, illustrating a trade-off between strength and ductility.
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Figure 7. Bar chart showing the effect of austempering times on UTS of 0.8C experimental
steel.

The increased hardness and UTS observed after longer austempering times may also be
attributed to the transformation of retained austenite into martensite during final quenching.
Although martensite was not detected in the initial microstructure, it is possible that deformation
during tensile or hardness testing induced martensitic transformation, a phenomenon commonly
known as (TRIP) [29]. This transformation could contribute to the higher hardness and UTS
observed, potentially linking it to the presence of martensite formed during testing.
Conclusions:

The optical and scanning electron microscopy confirmed the formation of inverse
bainite microstructure in 0.8C steel after applied heat treatment. The following conclusions are
drawn from this study;

. As tempering time increased, the width of cementite plates grew, leading to a
decrease in the uniformity of cementite and ferritic morphology.

. Vickers hardness values increased with an increase in austempering time.

o Charpy impact testing showed a decrease in impact energy with an increased
austempering duration.

. UTS values initially decreased with longer austempering times (up to 90

minutes). However, a notable increase in UTS was observed at 120 minutes, although

this came with a reduction in impact energy absorption.

Consequently, while extended austempering times can enhance hardness and UTS, they
also reduce ductility, limiting the suitability of steel for applications requiring high impact
resistance.
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