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Abstract

The present study examined the impact of single- and multi-stage austempering
treatments on microstructural changes and the mechanical properties of AISI 4140
steel. All specimens underwent an annealing treatment before undergoing
austempering treatments. The single-stage austempering treatment employed
three distinct temperatures: 312, 362 and 412 °C. The multi-austempering employed
three steps of austempering treatment, commencing at 312 °C and progressing in
increments of 50 °C for an hour each, up to a maximum temperature of 412 °C.
The mechanical properties were determined using hardness, impact and tensile
testing. Furthermore, the microstructure alterations and phases identified in
heat-treated specimens were characterised using scanning electron microscopy
(SEM), electron dispersive spectroscopy (EDS) and X-ray diffraction (XRD)
patterns. The mechanical properties of AlISI 4140 steel subjected to single-stage
and multi-stage austempering treatments exhibited a considerable enhancement
compared to the annealed steel. The microstructure of annealed steel is
predominantly coarse ferrite and pearlite. The austempering treatment forms a
bainitic structure, retained austenite structures and a small number of
martensitic structures within the steel's microstructure. In other words, the
mechanical properties of AISI 4140 steel concerning austempering treatments are
correlated with the microstructural changes resulting from different
austempering temperatures.

1. Introduction

Combining quenching and tempering processes

Low-alloy AISI 4140 steel is employed in the
automotive industry to fabricate various machine
components, including worm gears, gear shafts,
transmission shafts, connecting rods, body parts,
axles, steering knuckles and pinions [1]. This is due
to the steel's high strength, favourable
machinability, ease of shaping and ready
availability. The production of AISI 4140 steel
typically involves quenching and tempering (Q&T)
heat treatments [2], which results in the formation

of a tempered martensitic phase [3].
This work is licensed under a Creative

m Commons Attribution-NonCommercial

4.0 International (CC BY-NC 4.0) license

results in enhanced mechanical strength,
toughness and certain degrees of ductility in the
material under consideration. Nevertheless, the
Q&T treatment has also been demonstrated to
reduce the yield strength ratio to ultimate tensile
strength, which can result in substantial
production and economic losses [4]. Previous
research shows that the quenching treatment of
AISI 4140 steel is slightly sensitive to tempering
temperature, resulting in component distortion
due to the low distribution of S and P impurity
elements separated from the austenitic grain
boundaries [5].

The microstructure refinement of low-alloy
medium carbon steel is currently achievable
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through the subsequent austempering treatments,
which form a bainitic structure [6]. AISI 4140 steel
with a carbon content of approximately 0.40 % can
be austempered, resulting in a relative similarity in
strength to steel produced with Q&T treatments
without a significant decrease in ductility [7]. The
impact of microstructure on the mechanical
properties of low-alloy steel has emerged as a
fascinating area of research for experts and
metallurgists to develop suitable mechanical
properties for engineering applications [8,9]. To
achieve AISI 4140 steel with high strength and
toughness, as well as a relatively high ratio of yield
strength-to-maximum strength, the microstructure
of steel should be realised by inhibiting the
formation of martensitic phase through
austempering treatments [10-12].

A series of austempering processes have been
demonstrated to enhance the mechanical
properties of low-alloy high-strength steel,
resulting in improved strength, ductility and impact
toughness [12, 13]. The appropriate austempering
process produces multi-phases (bainite-ferrite-
martensite-retained austenite) and predominantly
fine-grained bainitic phases in low-alloy high-
strength steel [14]. Some industries, particularly
those operating within the transportation sector,
consistently require high-strength steel that is
more cost-effective, demonstrates good ductility
and impact toughness and can reduce the weight
of the main structural components [15]. This
weight reduction is intended to reduce fossil fuel
consumption [16]. Accordingly, the present
research aims to develop a single- and innovative
multi-stage austempering process to achieve the
optimal mechanical properties of AISI 4140 steel.
Microstructures and phase characterisation were
conducted using SEM, EDS and XRD patterns to
gain insight into the mechanical behaviour of AlSI
4140 steel in different heat treatments.

2. Material and methods

2.1 Specimen preparation

A round bar AISI 4140 steel with a diameter of
16 mm and length of 6000 mm was used as a
specimen. Its chemical composition is presented in
Table 1.

Table 1. Chemical composition of AlSI 4140 steel

We provided 16 pieces of round bar steel with a
length of 200 mm, which were then subjected to
annealing heat treatment by following the
procedure set out in previous research [3].
Furthermore, the round bar specimen for the
tensile test was manufactured in accordance with
ASTM E8 [17] using a Feeler FTC350XL four-axis
CNC horizontal lathe. The V-notch impact
specimens were manufactured in accordance with
ASTM E23 [18] using a Feeler VMP40A three-axis
CNC vertical milling machine.

2.2 Heat treatment process

The tensile, impact and hardness test specimens
were all in the annealed condition. The annealed
specimen was designated as AN. Before the
austempering process, the specimens were
austenitised in a Nabertherm furnace at 800 °C for
one hour. Subsequently, the specimen was removed
and immersed into a salt bath comprising a 50:50
mixture of potassium nitrate and sodium nitrate (in
wt. %). The temperature of the molten salt was
regulated by a type K thermocouple (XCIB, Omega) in
conjunction with an Autonics temperature controller.

The austempering temperatures were selected
as follows: 312, 362 and 412 °C. These correlate
with the onset of bainitic transformation. It was
determined using the Bhadeshia software [19],
resulting in the calculated onset of bainite
temperature (TBs) of 462 °C and the onset of
martensite temperature (TMs) of 310°C. The
middle austempering temperature was selected as
SA2 =462 — 100 = 362 °C. By adding and subtracting
50 °C, the lowest austempering temperature was
set at 312 °C, while the highest austempering
temperature was set at 412 °C. The austempering
procedures are schematically depicted in Figures
1a, 1b and 1c as single-stage austempering at 312,
362 and 412 °C, respectively (designated as SA1,
SA2 and SA3). The following austempering process,
conducted at temperatures between 312 and
412 °C, was designed as multi-stage austempering
(MA) (Fig. 1d).

2.3 Mechanical characterisation and
microstructural observation

The mechanical properties were assessed,
including tensile properties, impact toughness and

Element C Cr Mo Mn

Si S P Ni Al Fe

wt. % 0.443 1.150 | 0.198 | 0.805

0.308

0.010 | 0.021 | 0.253 | 0.020 | balance
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Figure 1. Austempering treatment procedures: (a)
single-stage austempering SA1, (b) single-stage
austempering SA2, (c) single-stage austempering SA3
and (d) multi-stage austempering MA

Rockwell hardness. Tensile properties were
determined through tensile testing conducted on a
tensile specimen with an MTS Landmark 100 kN
machine, at a constant force rate of 0.02 kN/s [17].
The axial length changes were measured
incrementally using a 50 mm extensometer of an
MTS 634.25F-24 type. The hardness test employed
the Mitutoyo hardness tester HR200 with the HRC
method. It involved using a 120° diamond
indenter, an imposed major load of 150 N and a
minor load of 10 N for 15 seconds. The impact
toughness of V-notch Charpy specimens was
measured using RMU impact testing equipment.

The specimen for microstructural observation
was mounted in resin and the process continued
with grinding and polishing until a smooth and
mirror-like surface was achieved. The specimen
surface was then etched into 3 % Nital for a few
seconds. The microstructure was analysed using an
Olympus optical microscope (OM). The cross-
section of the fractured impact specimen was cut
to a length of 5 mm from the surface fracture. The
fracture surface of the specimen was then
sputtered using a gold coating. The fracture
morphology and elemental composition (in wt. %)
were analysed using field emission scanning
electron microscopy (FESEM) (Quattro, Thermo
Fisher  Scientific) and energy dispersive
spectroscopy (EDS), respectively. Furthermore, all
specimens' phases were analysed using an X-ray
diffraction (XRD) (PANanalytical system).
Subsequently, the data set, comprising a
diffraction angle 26 within the range of 5 -80° and
intensity, was analysed using the Match! powder
program.

3. Results and discussion

3.1 Microstructural and fractographical
observations of annealed steel

Figure 2a shows the typical microstructure of
annealed steel, consisting of the coarse pro-
eutectoid ferrite and pearlite phases. The regions
displaying many lamellar carbides (FesC), as
observed by OM in Figure 2a, are indicated as
pearlite [3]. Figure 2b shows the impact specimen's
fracture surface morphologies, as seen through an
SEM; the morphology, consisting of a cleavage
surface, results from introducing cracks into the
ferrite phase. The annealed steel displays ductile
behaviour, as evidenced by dimples on the surface
in Figure 2b.
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Figure 2. AN specimen: (a) OM micrograph, (b) SEM
fracture surface, (c) EDS spectra and (d) XRD pattern

The extensive phase boundaries of lamellar
carbides in pearlite enable the interaction of
dislocations, thereby promoting plastic

deformation [3]. Figure 2b demonstrates the
significant ferrite regions, which tend to result in
cleavage surfaces. This finding is corroborated by
an SEM fracture image, which indicates that brittle
fractures are more prevalent in the ferrite matrix.

Figure 2c shows that the EDS spectral analysis
confirms the globular carbide's elemental
composition of 64.41 wt. % Fe, 3.26 wt. % C and
32.33 wt. % O. The presence of oxygen, as identified
by EDS point analysis, is likely to result in oxygen
absorption in globular carbide during a prolonged
period of cooling in the furnace. Furthermore, the
growth of globular carbide in Figure 2b can be
attributed to the saturation of the solid solution of
interstitial carbon diffusing into a ferrite matrix.

The XRD patterns analysis of the AN specimen
in Figure 2d corroborates the formation of multiple
peaks, which can be attributed to the emergence
of the ferrite phase.

The initial peak is observed at 20 = 44.82° with a
peak value of 658.84, identified as Fe (iron) with a
cubic (BCC) crystal structure and a crystal parameter
a = 3.5040 A. The second peak is observed at 26 =
52.28° and is identified as Fe (iron) with a cubic
(BCC) crystal structure and a crystal parameter of a
=3.5270 A. The third peak, observed at 26 = 65.53°
with a peak value of 147.72, was identified as Fe
(iron) with a cubic (BCC) crystal structure and a
crystal parameter a = 2.8450 A. The fourth peak
was found at 26 = 74°. The highest peak value is
1000.00, identified as Fe (iron) with a cubic (BCC)
crystal structure and crystal parameter a = 3.5950
A. However, the analysis of XRD patterns cannot
confirm the presence of the pearlite phase (Fig. 2d).

AISI 4140 steel in annealing conditions results in
coarse microstructures compromising ferrite and
pearlite phases, making this steel relatively ductile.
The specimens' XRD patterns consistently show Fe
(BCC iron) peaks within the investigated angle
range (Fig. 2c). As 20 increases, the intensity of the
Fe peaks tends to decrease. This could be related
to changes in grain size, affecting the peak quality
and pattern resolution when the grains are coarser
or finer [20].

3.2 Microstructural observation of austempered
steel

Figure 3 shows typical OM microstructures of
austempered AISI 4140 steel at different
temperatures. The austempering temperatures
significantly determine the trends in the evolution
of the microstructure in SA1, SA2 and SA3
specimens (Figs. 3a, 3b and 3c).

121



M. Badaruddin et al. | Tribology and Materials 3 (2024) 118-130

Figure 3. Microstructures of AlSI 4140 steel after
austempering: (a) SA1, (b) SA2, (c) SA3 and (d) MA

As shown in Figure 3, two distinct retained
austenite (RA) types were identified. The light,
thicker regions are identified as blocky retained
austenite (blocky RA), while the thin, elongated
shape is filmy retained austenite (filmy RA). The
transformation of retained austenite plays an
important role in forming bainite and martensite
phases during the austempering process in
determining the mechanical properties of AISI 4140
steel. Filmy RA results from the transformation of
RA to martensite and bainite, which coexist
between the bainite and martensite laths [21].

Austempering at 312 °C, which is approximately
equivalent to TMs (310 °C), shows microstructures
composed mainly of bainite (B), interlayer RA and
blocky RA with the presence of martensite (Fig.
3a). Li et al. [21] confirm that the martensite can
be found in the coexistence of the block RA. The
dark particles that precipitated and distributed
locally can be identified in the microstructures of
the austempered specimens (Fig. 3). These
particles were spherical and exhibited notable
changes in size due to the transformation of ferrite
during austempering heat treatments [22, 23].

The austempering temperature of 362 °C
increases the thickness of the blocky RA (Fig. 3b).
The increase in thickness of the blocky RA is
attributable to the higher carbon content, which
resulted from the inhibition of RA transformation
to martensite. Consequently, there was a
reduction in martensite quantity and a
corresponding increase in bainite. Previous
research had confirmed that the higher carbon
content was typical of blocky RA [10].
Furthermore, the blocky RA shown in Figure 3b is
considerably thicker than in Figures 3a, 3c and 3d.
As a result, the amount of martensite decreased
and bainite formation was dominated by the
outward diffusion of carbon from the RA into the
body centre cubic (BCC) of the ferrite. The lowest
solubility of interstitial carbon in the ferrite matrix
leads to the rapid formation of more bainite.

As the austempering temperature was increased
to 412 °C, the dimension of blocky RA decreased
significantly, as observed by the OM microstructure
in Figure 3c, which shows a reduction in the
dimension of blocky RA followed by a decrease in
carbon content [10]. In addition, a significant
amount of filmy RA and some blocky RA is reduced
by austempering at 412 °C. This observation is
evident in the OM microstructure in Figure 3c. In
addition, the formation of bainite in the matrix is
inhibited by the surrounding grains, resulting in
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thick and uniformly distributed bainite. A small
amount of granular precipitation is also present.
Simultaneously, RA formed as filmy RA along the
boundary between bainite and blocky RA. The
increase in the thickness of the bainite structure
and the filmy RA evenly distributed in the
microstructure of the austempered 412 °C specimen
(Fig. 3c) were identified as upper bainite [24].
Furthermore, the OM microstructure of the MA
specimen confirms the reduction in the thickness
of the blocky RA and the more uniform distribution
of the filmy RA, as shown in Figure 3d. A decrease
does not follow a reduction in RA thickness in its
carbon content [10], which is relatively equal to
the carbon content of RA in specimen SALl. In
addition, the amount of martensite resulting from
the first stage of austempering at 312 °C was
reduced due to the rapid diffusion of carbon atoms
to produce more bainitic structures at increased
austempering temperatures of 362 and 412 °C.
Furthermore, the higher volume fraction of bainite
formed in the multi-stages would further reduce
the average grain size of the microstructure [11].

3.3 Fractographic observation of austempered
steel

Figure 4a shows the fracture morphology of the
SA1 specimen, which exhibits a relatively ductile
mode as indicated by the dimple fracture on the
blocky RA and filmy RA. Slight traces of plastic
deformation in the bainite phase can also be
noticed in Figure 4a. The high carbon content of
the RA contributes to the improvement of the
mechanical properties of the SA specimen. The
bigger size of globular precipitation (point 312 1 in
Fig. 4a) contains the following elements (in wt. %):
97.06 Fe, 0.74Cr, 1.21Mn and 0.99Al. The
precipitation lacked carbon, as determined by EDS
analysis (Fig. 4b). The smaller precipitation (point
312 2) contains elements (in wt. %): 94.54 Fe,
0.23 Mn, 0.28 Al and 4.95 C. The region indicated
by the red arrow (point 312 3) is likely to be a
bainite in a ferrite matrix with the following
elements (in wt. %): 92.38 Fe, 0.08 Cr, 0.51 Mn,
0.22 Al and 6.81 C. The thin region denoted by
point 312 4 contains elements (in wt. %): 98.40 Fe,
0.22 Cr, 0.55 Mn and 0.83 Al without carbon.

EDS point analysis at points 312 1 and 312 4
shows that chromium, aluminium and manganese
affect the growth of precipitate-free carbon.
Moreover, these elements support the rapid
decomposition of austenite into bainitic ferrite in
low-alloy steels [10,25,26]. Figure 4c displays the

XRD results for the SA1 specimen, which indicate
that the prominent compounds formed are
Fe0.8Mn0.2 with a body-centred cubic (BCC)
crystal structure. This evidence suggests the
formation of a martensitic phase in the SAl
specimen [20]; Research by Franceschi et al. [20]
mentioned that the asymmetric broadening of the
ferrite diffraction peaks at small 206 angles can be
observed in the specimen, as these peaks are
related to the presence of martensite. Another
compound formed is likely to be Fe;C; (iron
carbide) with an orthorhombic crystal structure
(point 312 2 in Fig. 4a). Small globular precipitation
of Fe;C; with a carbon-rich mixed ferrite matrix
indicates the presence of the bainite phase in the
SA1 specimen [27].
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Figure 4. SA1 specimen: (a) fracture morphology, (b)
EDS spectra and (c) XRD pattern
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Figure 5a shows the fracture morphology of the
austempered specimen at 362 °C. The intercritical
austenite transformation tended to result in a
thicker blocky RA. In addition, Figure 5a shows the
globular precipitation denoted by point 362 1 and
EDS spectral analysis (Fig. 5b) confirms that the
globular carbide contains the following elements
(in wt. %): 90.75 Fe, 0.12 Cr, 0.86 Mn, 0.08 Si and
8.20C. The other precipitations (point 362 2)
consist of (in wt. %): 91.48 Fe, 0.06 Cr, 0.58 Mn,
0.19 Si and 7.69 C. The two globular precipitations
are confirmed to be clear iron carbides (FesC) by
XRD analysis in Figure 5c.

Furthermore, the region indicated by point 362
3 comprises (in wt. %): 83.88 Fe, 0.05 Cr, 0.55 Mn,
0.13 Si and 15.39 C. It is important to note that the
highest recorded carbon concentration was

."
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Figure 5. SA2 specimen: (a) fracture morphology, (b)
EDS spectra and (c) XRD pattern

observed at 362 °C. Consequently, the quantity
of martensite fraction decreased when the steel
was subjected to austempering at the temperature
above TMs. The distribution of blocky RA was
heterogeneous, with a significant concentration
along the grain boundaries of the preceding
austenite.

The XRD analysis of the SA2 specimen (Fig. 5c)
indicates that some chemical compounds have
been formed due to this treatment. The peaks at
20 have been identified as Fe;C (iron carbide, also
known as cohenite) with an orthorhombic
structure. Other compounds identified at various
20 are recognised as Fe (iron) with a body-centred
cubic (BCC) structure. The presence of carbon-rich
iron carbide Fe;C mixed with Fe, as seen in the XRD
results of the SA2 specimen (Fig. 5c), supports the
assumption of the presence of the bainite phase.
Similarly, the assumption of the martensite phase
is always present when rapid cooling of austenite
occurs.

The austempering of the steel at 412°C
increased the carbon diffusion coefficient;
consequently, the chemical driving force for
bainite formation increased in the ferrite matrix. In
addition, this resulted in a higher proportion of
carbon diffusing into the untransformed austenite,
which then transforms rapidly into bainite during
the isothermal process [10]. During the isothermal
transformation of retained austenite to bainite,
the blocky RA subsequently decreases in quantity,
illustrated by OM microstructural observation in
Figure 3c. Upon completion of the isothermal
transformation, the bainitic ferrite structure,
known as upper bainite, occurs within the
saturated transformation austenite. Moreover, The
SEM fracture observation of the SA3 specimen in
Figure 6a and the EDS results (Fig. 6b) demonstrate
that the region denoted by point 412 3 in Figure 6b
contains the elements (in wt. %): 5.55C, 0.39 Al,
0.76 Mn, 92.72 Fe and 0.57 Co.

Furthermore, the larger size of globular
precipitation (point 412 1) contents (in wt. %):
6.11C, 0.15Al, 0.65Mn and 93.09 Fe and the
other smaller size (point 412 4) contents (in wt. %):
1.04 C, 0.78 Al, 2.18 Mn, 95.41 Fe and 0.58 Co. In
addition, the spherical precipitation is denoted by
point 412 2, composing elements (in wt. %): 2.22 C,
3.06 Al, 28.93 Mn, 64.97 Fe and 0.82 Co. The lower
carbon content of these precipitates has been
identified as the key factor influencing the growth
of iron carbide across varying dimensions during
austempering at 412 °C. The XRD analysis of the
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SA3 specimen confirms the formation of multiple
chemical compounds during the treatment process
(Fig. 6¢). The initial peak is identified as iron (Fe)
with a BCC structure. At the other 20 values, an
orthorhombic structure is identified, which
corresponds to FesC. Additionally, numerous Fe;C
compounds are identified with smaller peaks.
Further fractural observation was conducted
using SEM, as illustrated in Figure 7a. Following
multi-stage austempering, there was a significant
reduction in the dimensions and quantity of the
filmy RA, blocky RA and austenite/martensite micro-
blocks (Fig. 3d). The application of a multi-stage
austempering procedure, as illustrated in Figure
1d, resulted in a notable reduction in the size of
the blocks. The results demonstrate that distinct
heating protocols led to the formation of bainitic

[ & AL

T Bainité\\
BiecA
\t; . .

—

My

Bainite

cps/eV
- — a1
Spectrum  CarbonAluminiumManganeselron Cobalt (b)
6 4121 611 0,15 0,65 93,090,00 - a2
4122 2,22 3,06 28,93 64,970,82 a123
5 4123 555 039 0,76 92,72057 || a124
| 4124 1,06 078 2,18 9541058 |
|
4 h \;
I ‘Jj
3 |
| \
| |
el o
|
1
1 = |11
" 0
Vo [ ®
oem .. ®=s 0
2 4 6 8 10 12
Energy [keV]
Irel
Experimental pattern: 412(1)
8501 ( C) Calculated pattern (exp. peaks) (Rp=124.1 %)
900 - Conente (58 3%)
250
800
7504
7004
50
500
550
500
4504 - M
00| g ]
2 2
350 & 2 o E
300 -g 2 g
250 9 = ko
] 2 - 2
200 £ < -
o 3
1504 &

100+

Nive 1

T T T T T T T T T y T T
1000 1500 2000 2500 2000 3500 40.00 4500 S000 5500 6000 6500 70.00
Cu-Ka (1.541874.4) 2theta

k1‘}-—&2& iron carbide

Figure 6. SA3 specimen: (a) fracture morphology, (b)
EDS spectra and (c) XRD pattern

ferrites and the rapid growth of globular
precipitates. In addition, the quantities of globular-
type carbides are increased and needle-like carbides
are observed in Figure 7a. Globular carbides and
needle-like carbides in small sizes are known to
effectively enhance steel's strength and ductility,
thereby achieving a superior match between the
strength and plasticity of the steel [21].

The EDS spectral analysis (Fig. 7b) confirms that
the globular-type carbide in Figure 7a (point MA 1)
composed the highest carbon contents (in wt. %)
14.63C, 84.26 Fe and 1.11S. Meanwhile, the
needle-like carbides (point MA 2 in Fig. 7a)
comprise (in wt. %): 87.80 Fe, 10.47 C and 1.73S.
As denoted by point MA 3, the region contains the
most elements (in wt. %): 95.56 Fe and 4.44C,
likely to indicate the finest bainitic ferrite following
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Figure 7. MA specimen: (a) fracture morphology, (b)
EDS spectra and (c) XRD pattern
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a multi-stage austempering treatment. This
resulted in further refining of the microstructure
and a reduction in the average thickness of the
bainitic ferrite structure. Consequently, the multi-
stage austempering heat treatment resulted in the
refinement of bainitic ferrites and a significant
decrease in filmy RA and blocky RA (Fig. 3d).

The austempering temperature and carbon
concentration of decomposed austenite represent
crucial parameters that significantly influence the
dimensions of the microstructural features [11].
The occurrence of bainitic formation is dependent
upon austempering temperatures. Various
chemical compounds were formed and identified
in the MA treatment in this XRD analysis (Fig. 7c).
Some peaks at 26 were identified as iron (Fe) with
a BCC structure. At the other 20 values, some
peaks were identified as Fe;C (iron carbide) with an
orthorhombic structure. The assumption that the
bainite phase exists can be observed from the
abundance of Fe3C (carbon-rich iron carbide) mixed
with Fe, as seen in the XRD analysis results of the
MA specimen (Fig. 7c).

As previously stated in the SEM fracture and
EDS results, specimens austempered at above
312°C have been found to contain sulphur,
manganese, aluminium, cobalt and chromium
within carbon-rich precipitations. The presence of
these elements was crucial in accelerating the
transformation of retained austenite into bainite
[28-30]. At an austempering temperature of
312 °C, these elements effectively inhibited carbon
diffusion in globular precipitates, allowing
precipitation growth without carbon atoms, as
evidenced in Figures 4a and 4b.

3.4 Tensile test results

Figure 8 displays the typical stress-axial length
curve of AlSI 4140 steel in different heat treatments.
The tensile properties obtained from Figure 8 are
presented in Table 2. The highest yield strength and
tensile strength values obtained from the SA1
specimen are 827 MPa and 1153 MPa, respectively.
The tensile strength of AISI 4140 steel decreased
significantly when the austempering temperature
was increased to 362 °Cand 412 °C. At 362 °C, the
yield strength was 711 MPa, while the tensile
strength was 948 MPa. Furthermore, at 412 °C, the
yield strength and ultimate tensile strength of AlSI
4140 steel were approximately 558 MPa and 780
MPa, respectively. The respective yield strength and
tensile strength demonstrated an upward trend in
the MA treatment, reaching 777 MPa and 1017

MPa, respectively. These values are higher than
those observed in the SA2 and SA3 treatments.
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Figure 8. Stress-axial length curve of AlISI 4140 steel
in different heat treatments

Table 2. Tensile properties of AISI 4140 steel in
different heat treatments

Heat Yield Tensile Elongation,

treatment strength, strength, %
MPa MPa °

AN 359+2 611+9 28

SA1 827 + 60 1153 +51 5

SA2 711+ 1 948 + 17 7

SA3 558 + 60 780 £ 66 9

MA 777 £31 1017+ 16 6

As summarised in Table 2, the SA and MA
treatments result in relatively low elongation
values. However, the results presented in Figure 8
demonstrate that the SA and MA specimens
exhibited necking behaviours preceding the break,
indicating that the SA and MA specimens displayed
appropriate ductility. This confirms that high-
strength low-alloy steel undergoes significant
plastic deformation before the onset of failure
[12]. The considerable enhancement in tensile
properties of austempered AlSI 4140 steel can be
ascribed to the formation of multi-phases in the
microstructure, comprising retained austenite,
bainitic structures and a minor quantity of
martensite. An increase in tensile strength is
directly correlated to the dimension of RA and the
amount of martensite and bainitic structure in the
steel's microstructure, resulting from SA and MA
treatments. Similar characteristics are also found
in 60Si2CrVNDb spring steel and low alloy steel. The
austempering temperatures control the strength of
these steels [11,21].
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3.5 Hardness test results

Figure 9 corroborates the observation that the
hardness values of the austempering specimens
increased at an approximate two-fold greater
magnitude than those of the AN specimen. The
highest value was obtained in the SA1l specimen,
with a hardness of 45 HRC, followed by the MA
specimen, which exhibited a hardness value of 44
HRC. An increase in austempering temperature
decreases hardness due to the accelerated diffusion
of atom carbon from retained austenite-martensite,
which leads to an upper bainite structure [24].

50

e
30 4

20 4

Rockwell hardness (HRC)
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AN SA1 SA2 SA3 MA

Heat treatment process

Figure 9. Influence of austempering heat treatment
on hardness of AlSI 4140 steel

3.6 Impact test results

Figure 10 presents the impact toughness values
with standard deviations obtained from three
specimens corresponding to different heat
treatments. The impact testing results
demonstrate that the impact toughness of both,
the SA and MA specimens is markedly higher than
that of the AN specimen. The highest value is
noticed in the SA1l specimen, with an impact
toughness of 38 J. Figure 10 illustrates a
correlation between increasing austempering
temperatures and a corresponding decline in
impact toughness. Notably, the MA specimen's
impact toughness is approximately 36 J. Mousalou
et al. [11] documented that the subsequent multi-
stage austempering temperatures enhance low-
alloy steel's yield strength and fracture toughness.
Multi-stage austempering significantly reduces
blocky and filmy RA thickness, refines bainitic
structures and reduces the amount of martensite.
As a result, this process allows it to be applied in
producing steel with a combination of superior

tensile strength, hardness and impact toughness.
In addition, the microstructure of multi-
austempered steels has been shown to improve
fatigue crack propagation resistance [10].
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Figure 10. Influence of austempering heat treatment
on impact toughness of AlISI 4140 steel

Figure 8 shows that AISI 4140 in SA and MA
conditions has relatively high tensile strength with
corresponding ductility, which tends to result in
high impact toughness. This characteristic is similar
to high-strength low-alloy steels at austempering
conditions reported in the literature [12,24,31].
This is due to the steel's impressive capacity to
absorb  energy when undergoing plastic
deformation before breaking. The microstructure
of annealed AISI 4140 steel undergoes significant
changes due to the single and multi-stage
austempering treatments, as illustrated in Figure 3.
These changes significantly determine the steel's
mechanical properties, as evidenced by the results
of the mechanical tests presented in Figures 8, 9
and 10. SA and MA treatments have significantly
improved the tensile strength, hardness and
impact toughness. In addition, lowering the
austempering temperature results in a better
combination of tensile strength, hardness and
impact toughness.

The enhanced toughness properties observed in
the MA specimen can be attributed to the finer
bainitic structure [32], which indicates that the
steel can effectively absorb high-impact energies.
The refinement of bainitic structures with
abundant carbon-rich precipitates of different
shapes and sizes (including small-sized spherical
carbides and needle-like carbides) has been proven
to significantly enhance the tensile strength,
impact toughness and hardness of AISI 4140 steel
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in  multi-stage austempering treatment. This
process is an effective method for improving the
mechanical properties of low-alloy carbon steel.
This makes it an ideal material for use in
applications requiring high-energy absorption.

4. Conclusions

A comparative analysis of the influence of
single- and multi-stage austempering treatments
on microstructure and the mechanical properties of
AISI 4140 steel has led to the following conclusions.

The large phase boundary area between the
lamellar FesC and the ferrite matrix significantly
favours highly plastic deformation, determining
the mechanical properties of AISI 4140 in
annealing conditions. The growth of globular FesC
resulted from the saturation ferrite formation due
to the lowest solid solution of interstitial carbon
within the ferrite matrix.

A single-stage austempering treatment at
312 °C provides the highest mechanical properties
of annealed AISI 4140 steel, resulting in a yield
strength of 827 MPa, a tensile strength of 1153
MPa, a Rockwell hardness of 45 HRC and an impact
toughness of 37 J. The microstructure supports
these properties, which feature a relatively large
amount of martensite, blocky RA thickness, filmy
RA thickness and a more considerable
precipitation-free carbon. Despite the steel's low
elongation value, the material demonstrates
significant necking behaviour.

Following multi-stage austempering treatment,
the AISI 4140 steel displays an impressive
combination of high strength with appropriate
ductility, toughness and hardness at room
temperature. The multi-stage austempering
treatment results in an optimal combination of
mechanical properties. These include vyield
strength of 800 MPa, tensile strength of 1029 MPa,
impact toughness of 36 J and Rockwell hardness of
44 HRC. The calculations demonstrate that the
steel's elevated level of strength is primarily
achieved through the refinement of bainitic ferrite
structures, a substantial reduction in retained
austenite and an increase in numerous globular
carbides and needle-like carbides in small sizes.
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