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Abstract

This study examines the evolution of microstructure, the metastability of retained austenite
(RA), and the corresponding mechanical behavior exhibited by a nanostructured bainitic
bearing steel subjected to prolonged austempering within a transformation stasis regime.
The results indicate that following the completion of nanostructured bainitic formation at
300 ◦C for 3 h, a prolonged austempering time does not alter the microstructure, but reduces
the dislocation density in BF while increasing the carbon content in RA. For the 4 h and 6 h
specimens, a reduction in the overall RA mechanical stability is observed, accompanied
by different transformation rates of stress-induced martensite during tensile deformation.
This behavior is largely due to the weakened constraint effect of the BF matrix and the
evolution of a carbon concentration gradient within the RA. During the transformation
stasis, prolonged austempering elevates the yield strength while maintaining an unchanged
ultimate tensile strength, albeit with a marginal reduction in microhardness. Relative to the
baseline elongation recorded for the 3 h specimen, both the 4 h and 6 h specimens exhibit
enhanced ductility, with the 4 h specimen yielding a peak value of 16.8%, which is 1.66 times
that of the 3 h specimen. This improvement stems largely from the greater RA volume
fraction that transforms into stress-induced martensite in the 4 h specimen, as well as its
continuous and stable transformation rate during tensile deformation. Therefore, it can
be concluded that an appropriately prolonged austempering time within nanostructured
bainitic transformation stasis is essential for optimizing mechanical performance. This
study provides a low-cost, energy-saving isothermal heat treatment technical scheme for
mass industrial production of high-performance bearing steel.

Keywords: nanostructured bainitic steel; austempering; transformation stasis; retained
austenite; mechanical properties
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1. Introduction
Ferrite laths in the nanostructured bainitic microstructure have been refined to the

nanometer scale, at which the tensile strength has been reported to reach 2300–2500 MPa,
and the maximum hardness can exceed 700 HV. Meanwhile, theinterlath RA exhibits the
TRIP effect, thereby increasing work-hardening capability and impeding crack growth [1–3].
These factors result in an exceptional combination of toughness and strength in nanostruc-
tured bainitic steels, as well as superior wear and fatigue resistance. Consequently, nanos-
tructured bainitic steels are extensively utilized in automotive sheets, rails, crankshafts,
gears, and bearings [4–6].

To obtain nanostructured bainitic steel, the alloy composition is designed to achieve
a low martensite start temperature, followed by austempering at a relatively low tem-
perature [7–9]. As austempering time increases, the BF volume fraction rises gradually.
During the phase transformation, carbon partitioning from BF into adjacent undercooled
austenite intensifies, thereby enhancing the chemical stability of the latter [10–12]. The
bainitic transformation completes once the undercooled austenite attains the carbon con-
tent prescribed by the T0

′ curve [13]. This is known as the incomplete transformation
phenomenon of bainite, where the austenite cannot fully transform into bainite, resulting
in a certain amount of RA.

Due to the high silicon content in nanostructured bainitic steels, carbide precipitation
is suppressed [14–16]. After the nanostructured bainitic transformation completes, no
significant changes in the microstructure, phase fraction, or phase size are observed with
further prolongation of the austempering time [17]. However, studies have shown that
once the nanostructured bainitic transformation has completed, further increasing the
austempering time promotes the uphill migration of carbon atoms from BF to RA. This
process further enriches RA with carbon atoms and homogenizes their distribution within
it. The mechanical stability of RA in nanostructured bainitic steels increases with its
carbon content, thereby affecting their mechanical properties [18–20]. For instance, Zhao
et al. reported that prolonged austempering time within transformation stasis led to a
significant increase in elongation without a substantial decrease in strength [21]. However,
this treatment was found to be detrimental to the low-cycle fatigue performance, which
was primarily attributed to the homogenization of carbon within RA. Hofer et al. reported
that the fractions of BF and RA remained essentially unchanged when austempering
was prolonged within the transformation stasis regime [22]. Nevertheless, the gradual
spheroidization of film-like RA brought about a considerable rise in both work-hardening
capacity and elongation. Shakeri et al. found that prolonging the austempering time within
transformation stasis significantly enhanced the strength and elongation [23]. Therefore,
one can conclude that prolonging the austempering time within the transformation stasis
period provides a viable way to tune the full set of mechanical properties in nanostructured
bainitic steels.

Although the mechanical stability of RA is primarily governed by its carbon con-
tent [24–26], previous detailed investigations on tempered GCr15SilMo nanostructured
bainitic steel have shown that, after tempering, this stability decreases with increasing
carbon content [27]. A major factor behind this phenomenon is the weaker shielding
provided by BF to RA. Compared with traditional studies mainly focusing on bainite
transformation kinetics and short-time isothermal processes, this work provides a more
in-depth investigation into the evolution of retained austenite and mechanical properties
during prolonged isothermal holding, which has rarely been systematically discussed
in the existing literature. Unlike previous qualitative analyses, this study quantitatively
reveals the carbon homogenization behavior and dislocation density evolution, and clarifies
the competitive mechanism between carbon partitioning and dislocation recovery. Such
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comprehensive quantitative analysis and mechanism interpretation offer a more explicit
theoretical basis for optimizing heat treatment processes for high-strength bainitic steels.

Hence, this work aims to further examine the microstructural evolution, the mechan-
ical stability of RA, and the resulting mechanical properties of GCr15Si1Mo steel as a
function of austempering time within the transformation stasis regime. Specifically, it aims
to elucidate how the stability of RA is influenced by factors such as the strength of BF laths
and the carbon content of RA, among others. This investigation will subsequently enrich
and refine the theories concerning the mechanical stability of RA in GCr15Si1Mo bearing
steel, as well as optimize the associated mechanical property parameters. Furthermore, it
will clarify the dual competitive effect of bainitic ferrite dislocation recovery and carbon
homogenization on mechanical performance, which enriches the fundamental theory of
carbide-free nanostructured bainitic bearing steel.

2. Materials and Methods
The overall experimental framework and additional details are summarized in

Appendix A. The investigated steel, with a nominal composition of Fe-0.97 C-1.24 Si-
0.37 Mn-1.58 Cr-0.34 Mo (wt.%), was vacuum-induction-cast into an ingot, homogenized at
1250 ◦C for 10 h, and finally hot-forged. Using a DIL805A/D dilatometer (TA Instruments,
Hüllhorst, Germany), the bainitic transformation kinetics curve for the present steel was
obtained. The specimen was austenitized at 1050 ◦C and austempered at 300 ◦C (Figure 1a).
An incubation period of 30 min was identified for the bainitic transformation. The bainitic
transformation rate approached zero after austempering at 300 ◦C for 3 h, as shown in
Figure 1b, indicating that the transformation is essentially complete. As shown in Figure 1c,
the steel was austenitized at 1050 ◦C for 0.5 h, cooled to approximately 950 ◦C, and then im-
mediately transferred into a salt bath furnace held at 300 ◦C. Direct quenching from 1050 ◦C
to 300 ◦C in a salt bath allows for an ultra-fast cooling rate, which generates severe thermal
stress and easily induces quenching cracks. Cooling slowly to 950 ◦C with controlled
furnace cooling enables moderate grain boundary relaxation, avoiding abnormal austenite
grain coarsening at high temperature. Temperature homogenization at 950 ◦C reduces the
temperature difference between specimen surface and core before salt bath transfer. Three
austempering durations were applied: 3 h, 4 h, and 6 h. The resulting specimens were
designated according to their holding time, i.e., the 3 h, 4 h, and 6 h specimens.

Figure 1. The curves of (a) dilatometric strain and (b) dilatometric strain rate austempered at 300 ◦C
and (c) heat treatment process diagram.
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Microstructural evolution was characterized by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and X-ray diffraction (XRD). SEM was carried
out using a Hitachi SU-5000 thermal field-emission SEM (Hitachi High-Technologies Cor-
poration, Tokyo, Japan), and TEM was performed on an FEI Talos F200X equipped with a
Super-X EDS system with four detectors (FEI Company, Hillsboro, OR, USA). TEM speci-
mens were prepared by twin-jet electropolishing in a mixture of 92% glacial acetic acid and
8% perchloric acid. A Rigaku Smartlab-9KW diffractometer (Rigaku Corporation, Tokyo,
Japan) with Co Kα1 radiation was employed for X-ray diffraction (XRD) analysis, using Co
Kα1 radiation (λ = 1.789 Å) in the 1D mode, employing a scan rate of 1◦/min and a step
size of 0.01◦/step, with a voltage of 40 kV and current of 135 mA. All XRD data were cor-
rected for instrumental broadening and systematic deviations using annealed high-purity
monocrystalline silicon powder, with the measurement conditions kept identical to those
for the experimental steel. This allowed the determination of phase constituents, relative
phase fractions, and carbon concentrations in austenite and ferrite, as well as dislocation
density. To ensure a strain-free surface, the specimen underwent repeated polishing and
etching cycles. The RA fraction (Vγ) was derived from Equation (1) [28], while the carbon
content in RA (Xγ) was obtained from Equation (2) [29]. For enhanced accuracy, each XRD
dataset was measured at least twice and subjected to multiple fitting iterations.

Vγ =
(1/nγ)∑

nγ

j=1 I j
γ/Rj

γ

(1/nγ)∑
nγ

j=1 (I j
γ/Rj

γ) + (1/nα)∑nα
j=1 (I j

α/Rj
α)

(1)

aγ (nm) = (3.578 + 0.033Cγ)/10 (2)

where n is the number of peaks examined, I is the integrated intensity, and R is the scattering
factor, defined as R = (1/v2) [|F|2P((1 + cos22θ)/sinθsin2θ)] × e−2M, with v being the
unit-cell volume, F the structure factor, P multiplicity factor, e−2M the temperature factor, θ
the diffraction angle, and aγ(Å) the austenite lattice parameter.

The dislocation density was calculated using Equation (3) from the micro-strain broad-
ening (ε) determined by Williamson–Hall analysis of the X-ray line profiles [30].

ρ =
k
F
· ε2

b2 (3)

where for BCC metals k = 14.4, and the dislocation Burgers vector b (along <111>) has
magnitude b =

√
2

2 aα. For FCC metals, k = 16.1 with b along < 110 >, b =
√

3
2 aγ, where aα

and aγ are the lattice parameters of ferrite and austenite, respectively, and F is taken as 1.
Room-temperature monotonic tensile tests were performed at a crosshead speed of

0.3 mm·min−1 on a universal testing machine (model E45.105) (MTS Systems Corporation,
Eden Prairie, MN, USA), with strain measured by an Epsilon extensometer (25 mm gauge
length) (Epsilon extensometer, Jackson, WY 83001, USA). Plate tensile specimens measured
110 × 30 × 2 mm, with the longitudinal axis parallel to the forging direction. Microhardness
was measured using an FM-ARS 9000 tester (FUTURE-TECH CORP, Kanagawa 210-0804,
Japan) under a load of 2.94 N. Tensile and microhardness tests were respectively conducted
with three samples, and at least 2 repeated XRD scans were performed for each test status
to improve the reliability, which provides sufficient parallel data to ensure the validity of
the statistical results.
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3. Results
3.1. Evolution of Microstructure with Prolonged Austempering Time

Typical SEM and TEM micrographs of the nanostructured bainitic steel austempered at
300 ◦C for 3 h, 4 h, and 6 h are presented in Figure 2. Upon completion of the nanostructured
bainitic transformation after 3 h, no significant microstructural changes were observed with
increasing austempering time. As shown in Figure 2f, no carbide precipitation is observed
in the retained austenite of the 6 h specimen, which is attributed to the inhibiting effect of
silicon atoms. Thus, all specimens exhibit a microstructure comprising BF, film-like RA
(RA-F), and blocky RA (RA-B), where the blocky type is relatively coarse.

Figure 2. Typical SEM and TEM images of specimens austempered at 300 ◦C for various durations:
3 h (a,b); 4 h (c,d); and 6 h (e,f).

To further assess how prolonged austempering time influences the microstructure of
nanostructured bainitic steel, Figure 3 illustrates the evolution of the average thickness of
BF laths and RA. After the nanostructured bainitic transformation is completed at 300 ◦C
for 3 h, prolonged austempering results in stable average thicknesses of approximately
54.0 nm for BF, 26.4 nm for film-like RA, and 1.14 µm for blocky RA. Thus, prolonging
the austempering beyond the cessation of transformation does not significantly alter the
dimensions or morphology of the constituent phases. The 3 h specimen, which is also
representative of the 4 h and 6 h ones, was used to analyze the size distribution of blocky
RA. The equivalent diameter of blocky RA in the 3 h specimen is ≤3 µm, with a substantial
fraction measuring ≤2 µm, as shown in Figure 4, while those ≥2 µm represent only 10%.
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Figure 3. The average equivalent size with increasing austempering time. (a) BF; (b) RA-F. (c) RA-B.

Figure 4. Equivalent diameter distribution of RA-B austempered at 300 ◦C with 3 h.

The XRD patterns of the 3 h, 4 h, and 6 h specimens are presented in Figure 5, revealing
that all three microstructures consist of ferrite (α) and austenite (γ), which correspond to
BF and RA, respectively. The (200)α diffraction peak gradually decreases in its full width
at half maximum (FWHM) with increasing austempering time, whereas its diffraction
angle shows no significant change (Figure 5b). In contrast, the (200)γ peak gradually shifts
leftward with prolonged austempering time (Figure 5c). This indicates that prolonged
austempering reduces the micro-strain within the BF without altering its carbon content,
while simultaneously increasing the carbon content of the RA during transformation stasis.

Quantified by peak fitting using Jade software (MDI Jade 6), the volume fraction of RA
remains at 42.4 vol.% during prolonged austempering within transformation stasis. Fur-
thermore, as illustrated in Figure 6, the RA in the 3 h, 4 h, and 6 h specimens is sufficiently
stable to resist martensitic transformation during cooling to ambient temperature. That is,
once the nanostructured bainitic transformation is complete, no further transformation of
the RA occurs during prolonging austempering. Meanwhile, the RA exhibits a gradual
increase in its average carbon content, rising from 1.77 wt.% (3 h) to 1.85 wt.% (6 h). Since
the average carbon contents of RA-B and RA-F differ significantly (the former being lower),
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their lattice constants show obvious differences; thus, the volume fractions and carbon
contents were estimated by Gaussian multi-peak fitting [31,32], as shown in Figure 7.

Figure 5. The XRD patterns of specimens austempered at 300 ◦C for various durations: (a) integrated
patterns and (b,c) partial patterns.

Figure 6. The dilatometric curves of specimens cooled to room temperature after bainitic transforma-
tion at 300 ◦C with various time.

Figure 7. Schematic diagram of Gaussian multi-peak fitting for the (002) austenite peak.
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In the fitting, the non-overlapping low-angle (200)γ peak of austenite was selected and
fitted with a Gaussian function. Background treatment was performed automatically with
Jade software. The initial peak positions were set at 59◦ for RA-B and 57.8◦ for RA-F. The
actual fitting results showed that variations in the peak positions did not affect the final
results; specifically, RA-B could vary within 59–59.5◦, and RA-F within 58.5–59◦, while the
calculated volume fractions and carbon contents remained identical, confirming the high
stability and robustness of the method.

The weighted average of deconvoluted sub-phase carbon contents cannot perfectly
match the integral XRD bulk carbon value, due to two unavoidable experimental devi-
ations: (1) a tiny volume fraction of transitional thin-sheet RA exists between film and
blocky morphologies, which cannot be fully separated during Gaussian peak fitting and is
not counted in (Vb + Vf); (2) minor overlapping of ferrite and austenite diffraction back-
grounds introduces small fitting errors in both integral and split-peak calculations. As
shown in Table 1, upon prolonging the austempering time after the nanostructured bainitic
transformation completes, the volume fractions of both blocky and film-like RA remained
unchanged. However, the carbon content in both morphological types of RA increased
with prolongation of the austempering time.

Table 1. The phase parameters of the RA and BF.

Time Vγ (%) Cγ (wt. %) Vγb (%) Cγb (wt. %) Vγf(%) Cγf (wt. %) εmicro
(×10−3)

ρα
(×1015 m−2)

3 h 42.4 ± 0.2 1.77 ± 0.03 27.6 ± 0.01 1.75 ± 0.01 14.8 ± 0.3 2.03 ± 0.01 4.41 ± 0.04 4.51 ± 0.01
4 h 42.6 ± 0.3 1.82 ± 0.02 27.9 ± 0.01 1.80 ± 0.01 14.7 ± 0.1 2.10 ± 0.01 4.22 ± 0.06 4.13 ± 0.01
6 h 43.4 ± 0.1 1.85 ± 0.01 28.2 ± 0.01 1.83 ± 0.01 15.2 ± 0.1 2.13 ± 0.01 3.96 ± 0.03 3.64 ± 0.02

Note: Vγ represents the volume fraction of RA; Cγ denotes its carbon content. Vγb and Cγb correspond
to the volume fraction and carbon content of blocky RA, respectively, while Vγf and Cγf denote those
of film-like RA. Additionally, εmicro represents the micro-strain, and ρα denotes the dislocation
density of BF.

The newly formed bainite undergoes autotempering during the bainitic transforma-
tion [33]. Given the relatively high austempering temperature (300 ◦C) in this study, longer
austempering times lead to a lower dislocation density within the BF. Specifically, it is
reduced from 4.51 × 1015 m−2 in the 3 h specimen to 3.64 × 1015 m−2 in the 6 h specimen
(Table 1).

The above analysis indicates that, although no significant difference in microstructure
is observed with prolonged austempering within bainitic transformation stasis, the RA
is gradually enriched with carbon. Generally, a significant carbon concentration gradient
develops within the blocky RA after the completion of the nanostructured bainitic transfor-
mation [34], with the carbon content near the phase boundary being higher than that in
the central region. Prolonging austempering promotes the diffusion of carbon atoms from
phase boundaries into the blocky RA interior, resulting in overall carbon homogenization.
Meanwhile, during prolonged austempering, the gradual recovery of dislocations in the BF
releases carbon atoms originally segregated at dislocations, which subsequently diffuse
into the adjacent RA, compensating for the reduction in carbon content at the austenite
boundaries, and the characteristic time for carbon diffusion in ferrite and austenite is
obtained from the following equation [35]:

t = l2/6D (4)

where t is the characteristic carbon diffusion time, l is the mean diffusion distance, taken
as the half-width of the BF laths or that of the austenite blocks, and D is the diffusion
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coefficient, which follows the Arrhenius relation D = D0exp(−-Q/RT), with D0 being a
constant (D0α = 0.62 × 10−6 m2/s, D0γ = 0.10 × 10−4 m2/s). The activation energies Q
are 80.4 kJ/mol (α) and 135.7 kJ/mol (γ). R is the gas constant, and T is the absolute
temperature, following common convention.

Calculations show that carbon atoms diffuse from BF into the adjacent RA in just
0.04 s, indicating extremely rapid kinetics. As shown in Figure 8, the carbon diffusion
distance in austenite for the 3 h specimen is 500 nm. Theoretically, this indicates that
carbon homogenization is achieved in all film-like RA and in blocky RA with an equivalent
diameter up to 1 µm, representing 50% of the total blocky RA. In the 4 h specimen, the
carbon diffusion distance in austenite increases to 600 nm, and carbon homogenization
is achieved in 63% of the blocky RA. Prolonging the austempering time to 6 h increases
the diffusion distance to 750 nm, and achieves carbon homogenization in over 80% of
the blocky RA. Concurrently, the overall carbon concentration gradient within the blocky
retained austenite decreases significantly. Furthermore, the high dislocation density in the
nanostructured bainite provides diffusion pathways for carbon atoms, thereby accelerating
carbon diffusion [36,37]. Collectively, the above calculations and analyses indicate that the
overall carbon distribution in RA will be significantly homogenized during austempering
at 300 ◦C.

Figure 8. The curve of diffusion distance of carbon atoms in RA with increasing time.

3.2. Evolution of Mechanical Properties with Prolonged Austempering Time

Based on the above-mentioned results, the microstructure morphology of the nanos-
tructured bainitic steel shows no significant changes during prolonged austempering within
transformation stasis. However, a gradual recovery of dislocations is observed, along with
increased carbon content in the RA and homogenized carbon distribution within it. Given
that mechanical properties are governed by microstructure, the observed microstructural
evolution is anticipated to affect its mechanical behavior.

Figure 9 presents the microhardness evolution with prolonged austempering time.
A decrease in microhardness is observed from 552 HV for the 3 h specimen to 530 HV
for the 4 h specimen. The microhardness remains essentially unchanged upon further
prolongation to 6 h. This slight reduction in microhardness is ascribed to the decrease in
dislocation density during prolonged austempering within transformation stasis.

Figure 10 shows the engineering stress–strain curves, true stress–strain curves, and
work-hardening rate curves for the 3 h, 4 h, and 6 h specimens. Table 2 summarizes the
corresponding mechanical properties. Following the bainite transformation, all specimens
with different austempering times exhibit linear hardening after yielding, accompanied by
a low work-hardening rate. The 3 h specimen exhibits continuous work hardening without
plastic instability, whereas a certain degree of plastic instability is observed in the 4 h and
6 h specimens (Figure 10a).
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Figure 9. The microhardness of specimens with increasing austempering time.

Figure 10. (a) Engineering stress–strain, and (b) strain-hardening rate curves.

Table 2. Mechanical properties of specimens austempered at 300 ◦C for various durations.

Time Microhardness
/HV

Yield
Strength

/MPa

Tensile
Strength

/MPa

Elongation
/%

Uniform
Elongation

/%
PSE/GPa·%

3 h 552 ± 13 1308 ± 7 1792 ± 8 10.1 ± 1.9 10.1 ± 1.9 18.1 ± 0.8
4 h 531 ± 11 1335 ± 5 1782 ± 6 16.8 ± 1.1 11.5 ± 1.0 29.9 ± 0.5
6 h 536 ± 12 1374 ± 10 1781 ± 6 11.0 ± 0.1 9.5 ± 0.6 19.6 ± 0.2

Once the bainitic transformation completes, the nanostructured bainitic steel exhibits
a higher yield strength with prolonged austempering time, increasing from 1308 MPa (3 h
specimen) to 1374 MPa (6 h specimen). The ultimate tensile strength remains essentially un-
changed, with values stabilized at approximately 1790 MPa (Table 2). Correspondingly, the
work-hardening capacity gradually decreases with prolonged austempering time, primarily
owing to the decreased dislocation density (Figure 10b). With prolonged austempering
time, its total elongation shows a trend of first rising and then falling, peaking at 16.8%
in the 4 h specimen. This specimen also has the highest uniform elongation of 11.5%.
The product of strength and elongation (PSE), representing the energy absorbed prior to
tensile failure, indicates the overall mechanical properties. Compared with the 3 h speci-
men where just the bainitic transformation completes, prolonged austempering enhances
the PSE, as revealed by the comprehensive analysis. A maximum PSE of 29.9 GPa·% is
attained in the 4 h specimen, representing a 65% increase over the 3 h specimen. Therefore,
these results demonstrate the significance of prolonged austempering time within bainitic
transformation stasis for the nanostructured bainitic steel.
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3.3. Evolution of Mechanical Stability of RA with Prolonged Austempering

In the nanostructured bainitic steel, the work-hardening capacity and crack propaga-
tion resistance are closely linked to total elongation [38–40]. RA, a key phase within the
nanostructured bainitic steel, accommodates deformation through mechanically induced
martensitic transformation during plastic deformation. Its mechanical stability directly
influences crack nucleation and crack propagation resistance [41]. After austempering at
300 ◦C is completed, microstructural evolutions during prolonged austempering time, such
as carbon diffusion and dislocation recovery, influence the RA’s mechanical stability, which
in turn leads to variations in mechanical properties. The evolution of RA stability during
tensile deformation was therefore investigated for specimens austempered at 300 ◦C for
different times.

After tensile failure, XRD patterns were collected from two types of specimens: the
undeformed ones and the fracture surfaces of the specimens austempered for 3 h, 4 h,
and 6 h. These patterns are shown in Figure 11. The quantitative analysis using Jade
software revealed that, on the tensile fracture surfaces, RA volume fractions for the 3 h, 4 h,
and 6 h specimens are 27.3 vol.%, 13.6 vol.%, and 19.4 vol.%, respectively—significantly
lower than the approximately 42.5 vol.% measured in the undeformed specimens. A
comparison of the results reveals that, after the bainitic transformation is completed,
prolonging the austempering time results in a higher proportion of RA that transforms
via mechanically induced martensite during tensile deformation, thus affecting overall
ductility in a differentiated manner.

Figure 11. The XRD patterns of undeformed specimens and their tensile failure fracture austempered
at 300 ◦C with various time.

To accurately reflect the RA content at different strain states during the interrupted
tensile tests, XRD measurement locations were selected according to the following prin-
ciples: (1) for specimens without necking, measurements were performed in the uniform
deformation region; (2) for specimens that had necked but not fractured, measurements
were performed in the necking region; (3) for fractured specimens, measurements were
performed adjacent to the fracture surface. For each strain state, two parallel specimens
were tested, and the measurement surface of each specimen was mechanically ground and
polished to minimize errors arising from surface roughness and mechanical strain.

Figure 12 shows the evolution of RA volume fraction with engineering strain for the
specimens austempered for 3 h, 4 h, and 6 h. In all cases, the fraction decreases with
increasing strain, but this decline is markedly faster for the 4 h specimen than for the 3 h
and 6 h ones. For the 3 h specimen, the RA volume fraction exhibits only marginal variation
beyond an engineering strain of 8%, dropping from 28.2 vol.% at 8% strain to 27.3 vol.% at
fracture (10.1%). This suggests that beyond 8% strain, the mechanically induced martensitic
transformation of RA largely ceases during deformation. In the 4 h and 6 h specimens,
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the RA volume fraction continuously decreases prior to necking, reaching 17.8 vol.% and
23.0 vol.%, respectively, at the maximum strain. Following the onset of necking, the RA
volume fraction continues to decrease with further strain in both specimens. Notably, the
reduction rate during this stage is higher for the 6 h specimen than for the 4 h specimen,
which contrasts with the overall trend observed prior to necking.

Figure 12. The volume fraction of RA in the specimens as a function of engineering strain.

Further characterization was performed on the evolution of RA’s overall mechani-
cal stability in the nanostructured bainitic steel after prolonged austempering at 300 ◦C.
Figure 13 shows how the RA volume fraction (V) varies with true strain (ε) for the differ-
ent specimens. The experimental data shown in Figure 11 were fitted using Equation (5)
proposed by Sugimoto et al. [42].

V = V0exp(−kε) (5)

where V0 and V are the RA volume fractions in the undeformed specimen and at true strain
ε, respectively, and k is a constant quantifying the mechanical stability of RA, defined as its
resistance to strain-induced martensitic transformation. A lower k value signifies greater
resistance to transformation, and thus higher overall mechanical stability of the RA. The
k values obtained from fitting are 4.71 (3 h specimen), 7.55 (4 h specimen), and 5.01 (6 h
specimen). Thus, prolonging austempering after bainitic transformation at 300 ◦C initially
lowers the mechanical stability of RA to its minimum at 4 h, followed by a mild increase at
6 h.

Figure 13. The fitting curves of the volume fraction of RA with increasing true strain in various
specimens.
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Compared with the 3 h specimen, the RA in the 4 h and 6 h specimens displays
substantially lower mechanical stability. However, the 4 h specimen achieves 1.53 times
the total elongation of the 6 h specimen, whose elongation is comparable to that of the
3 h specimen. This indicates that the contribution of RA to elongation is not solely gov-
erned by its stability. Previously, a similar reduction in RA stability was observed in
the same steel after tempering at 380 ◦C [27]. Nevertheless, during tensile deformation,
the RA underwent an abrupt transformation, producing untempered, hard, and brittle
martensite. The substantial fraction of such untempered martensite limited the contri-
bution of RA to the ductility. This indicates that the nanostructured bainitic steel’s duc-
tility also depends strongly on the rate at which RA undergoes mechanically induced
martensitic transformation.

Figure 14 shows how the fraction and rate of RA transformation vary with true strain
for the specimens austempered for 3 h, 4 h, and 6 h. During uniform deformation, all
specimens exhibit a progressive increase in transformation fraction as true strain rises.
Nevertheless, distinct trends are observed in the transformation rate among the different
specimens. After the bainitic transformation completes, prolonging the austempering
time significantly raises the initial transformation rate of RA during tensile deformation
(Figure 14b). The transformation-rate of RA were obtained by taking the first-order deriva-
tive of the fitted curves of the retained-austenite volume fraction with respect to true strain
(Figure 14a). The differentiation was performed using OriginPro 2021 software, following
the menu sequence Analysis → Mathematics → Differentiate, with the derivative order
set to 1.

Figure 14. Variation in the (a) transformation fraction and (b) transformation rate of RA with
true strain.

Further comparison reveals that the RA transformation rate in the 3 h specimen rises
and then falls with strain, peaking at 5% true strain, whereas in the 4 h specimen it increases
rapidly to a maximum at 3% true strain. With further strain, the transformation rate
gradually decreases. When the true strain reaches 6.7% and beyond, the transformation
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rate exhibits a slight increasing trend again. For the 6 h specimen, the mechanically induced
martensitic transformation of RA proceeds at a relatively higher rate during the initial
0–3% true strain, with this rate remaining essentially constant. When the true strain
exceeds 3%, the transformation rate in this specimen continuously increases. Therefore,
prolonged austempering after bainitic transformation at 300 ◦C not only reduces RA’s
overall mechanical stability, but also significantly influences the rate of its mechanically
induced martensitic transformation.

4. Discussion
4.1. Mechanism of Decreased Mechanical Stability of RA

Following completion of the bainitic transformation at 300 ◦C for 3 h, prolonged
austempering does not significantly alter the RA size, morphology, or volume fraction,
but its average carbon content progressively increases. Further comparative analysis
shows that this holds for both blocky and film-like RA morphologies, with no decrease
in carbon content in either case (Table 1). Therefore, from the perspective of its intrinsic
characteristics, prolonged austempering after the bainitic transformation completes raises
the critical stress required for strain-induced martensitic transformation, which improves
its mechanical stability [43–45]. Nevertheless, the experimental results demonstrate that
prolonged austempering reduces the RA’s mechanical stability, albeit to varying degrees.
RA’s mechanical stability depends not only on its own state, including its size, carbon
content, and morphology [46–48], but is also strongly affected by the surrounding bainitic
ferrite, such as its strength, residual stress, and other factors [49–51]. Thus, it is evident
that the surrounding bainitic ferrite matrix is the main factor responsible for the decrease
in the stability of RA in this nanostructured bainitic steel, and a detailed analysis will be
presented below.

Following the completion of the bainitic transformation at 300 ◦C for 3 h, prolonged
austempering results in a decrease in the dislocation density within the BF, leading to a
reduction in its strength. As a consequence, during tensile deformation, stress is more
readily partitioned to the surrounding RA. Additionally, the annihilation of dislocations
during prolonged austempering partially relieves the residual compressive stress within
the nanostructured bainitic steel, and the work-hardening capacity of BF decreases accord-
ingly [52,53], thus collectively accelerating the mechanically induced martensitic transfor-
mation of the RA. That is, prolonging the austempering after the bainitic transformation
completes at 300 ◦C alters the BF matrix, promoting stress redistribution to RA and re-
ducing the constraint on RA against mechanically induced martensitic transformation,
which, overall, lowers the BF’s shielding effect and consequently reduces the mechanical
stability of RA in the 4 h and 6 h specimens. However, the 6 h specimen shows higher RA
mechanical stability than the 4 h specimen, mainly due to its greater carbon content and
faster initial transformation rate (Figure 14b), and the latter further confirms that stress
partitioning to RA becomes more favorable with increasing austempering time. This rapid
transformation leads to extensive stress-induced martensite, which accelerates failure and
ultimately lowers the amount of transformed RA.

The above analysis demonstrates that prolonging austempering reduces RA’s overall
mechanical stability and significantly alters its transformation rate. In the 3 h specimen,
increased deformation generates more martensite nucleation sites, accelerating the trans-
formation under a higher mechanical driving force [54]. As strain increases, the growing
fraction of transformed austenite refines the untransformed austenite and enriches its
carbon content. Meanwhile, the high-strength BF matrix, with its substantial internal stress,
cannot accommodate the volume expansion from transformation, increasing compressive
stress on the RA. Collectively, these factors enhance the stability of the untransformed

https://doi.org/10.3390/met16080907

https://doi.org/10.3390/met16080907


Metals 2026, 16, 907 15 of 21

austenite, causing its transformation rate to decline once true strain exceeds 5%. Pro-
longed austempering after the bainitic transformation weakens the shielding effect of BF
on RA. This increases stress transfer to the austenite during initial tensile deformation,
while auto-tempering reduces residual compressive stress and its hindrance to martensitic
transformation. Consequently, the initial transformation rate of RA is accelerated in both
the 4 h and 6 h specimens. Compared with the 3 h specimen, the 4 h specimen exhibits a
higher transformation rate of RA during initial tensile deformation. Its rate continuously
increases below 3% strain, peaking above the overall rates of the 3 h and 6 h specimens.
The higher peak transformation rate of the 4 h specimen may arise from two effects of
prolonged austempering: a locally increased carbon concentration gradient within the
blocky RA and reduced strength of the BF [15,27].

Prolonging austempering to 6 h raises both the average carbon content and its distri-
bution uniformity in RA. This reduces the variation in chemical driving force for strain-
induced martensitic transformation, allowing more RA to transform under stress. Conse-
quently, in the 6 h specimen, at strains below 3%, the RA transforms at a consistently high
rate. Above 3% strain (corresponding to a true stress above 1784 MPa), the transformation
rate progressively accelerates. This acceleration likely stems from the lower dislocation
density in the BF of the 6 h specimen than in the 3 h and 4 h specimens. The reduced
dislocation density leads to a diminished work-hardening capacity, enabling the BF to more
readily accommodate the dilatational strain associated with martensitic transformation,
thereby reducing its constraint on the transformation.

4.2. Strengthening and Toughening Mechanism

Based on the above findings, prolonging austempering after bainitic transformation
completes lowers both the dislocation density and the mechanical stability of RA in the
nanostructured bainitic steel, thus affecting its strength and toughness. The associated
strengthening and toughening mechanisms are discussed in this section.

Two factors account for the increased yield strength of the nanostructured bainitic steel
after prolonged austempering. First, in the 4 h and 6 h specimens, the accelerated strain-
induced martensitic transformation of RA at the early stage of tension compensates for the
strength loss due to dislocation recovery [21,27]. Second, prolonged austempering promotes
carbon atom–dislocation interactions, forming carbon atom clusters that pin dislocations,
thereby raising the critical stress for dislocation motion during tensile deformation and
contributing to the observed yield strength increase [27,55].

Although prolonging austempering time to 4 h and 6 h reduces the mechanical stabil-
ity of RA, thereby increasing martensite formation during plastic deformation, the work-
hardening capacity progressively decreases. This decline stems from two factors: stress
relaxation accompanying martensite formation offsets its hardening effect, and reduced
dislocation density weakens dislocation interactions during deformation. These results con-
firm that dislocation density dominates work-hardening capability in the nanostructured
bainitic steel. The combined effects on yield strength and work-hardening capacity during
prolonged austempering thus leave the ultimate tensile strength essentially unchanged.

Prolonging the austempering time after the bainitic transformation at 300 ◦C signif-
icantly alters its elongation. To understand this effect on elongation, crack propagation
at tensile fracture surfaces was investigated. Figure 15 shows longitudinal-section micro-
graphs of the fracture surfaces of the 3 h, 4 h, and 6 h specimens. For the 3 h specimen,
cracks initiate and propagate within coarse blocky RA, occasionally tearing along BF lath
boundaries (Figure 15a). These short, straight crack paths reflect low energy absorption.
The high-magnification analysis reveals that a few cracks propagate between BF laths, as
well as nucleate and propagate at the interfaces between fine blocky RA and ferrite, with
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blocky RA indicated by red arrows (Figure 15b). For the 4 h and 6 h specimens, cracks
mainly nucleate and propagate within or along the boundaries of fine blocky RA, as well as
across BF laths, with fine blocky RA marked by red arrows (Figure 15c–f). The 4 h specimen
shows longer and more twisted crack paths than the 3 h specimen (Figure 15c), consistent
with higher energy absorption. Higher magnification additionally reveals that some cracks
also nucleate and propagate along coarse blocky RA boundaries and along the longitudinal
direction of BF laths (Figure 15d). For the 6 h specimen, cracks similarly nucleate and
propagate predominantly within or along the fine blocky RA boundaries, but the paths
are relatively straight. Simultaneously, more cracks propagate along BF lath packets while
fewer propagate across laths, indicating reduced crack propagation resistance and lower
energy absorption (Figure 15e,f).

Figure 15. SEM images of microcrack at fracture of tensile failure specimen austempered at 300 ◦C
for (a,b) 3 h; (c,d) 4 h; and (e,f) 6 h. Note: Red arrows indicate RA-B.

Comparison of crack initiation and propagation paths among the three specimens
reveals distinct differences in their fracture modes. Generally, RA not only accommodates
plastic deformation but also relieves stress concentration through its mechanically induced
martensitic transformation, thereby enhancing the overall deformation compatibility of the
nanostructured bainitic steel. After prolonged austempering within transformation stasis,
the dislocation density of the matrix is only slightly reduced, with no significant change
in its deformability. Based on the above analysis, the differences in elongation among the
specimens austempered for different times are further elucidated below in conjunction
with the evolution of the mechanical stability of RA. For the 3 h specimen, the RA possesses
the highest mechanical stability, with its martensitic transformation ceasing once the strain
reaches 8% or above. This prevents it from further accommodating stress concentration to
coordinate deformation. As a result, under high stress concentration, cracks nucleate at
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coarse blocky RA/martensite interfaces and propagate rapidly, leading to relatively poor
overall plasticity.

In the 4 h and 6 h specimens, prolonged austempering significantly reduces the
mechanical stability of RA, leading to more mechanically induced martensite formed
during plastic deformation to relieve stress concentration. However, a marked difference in
elongation is observed between the two specimens. In contrast to the 6 h specimen, the RA
in the 4 h specimen undergoes continuous martensitic transformation at a relatively low
rate once the strain exceeds 4%, thereby continuously enhancing deformation compatibility.
However, at 11% strain, approximately 24.4 vol.% untempered hard and brittle martensite
forms, accelerating crack initiation at fine blocky RA boundaries with higher mechanical
stability and triggering plastic instability. Following instability onset, the RA in the 4 h
specimen continues to transform at a low rate (Figure 12), continuing to accommodate
deformation and potentially closing cracks, which increases crack propagation resistance.
Moreover, more cracks propagate across BF laths, which may be associated with the
transformation of film-like RA located between the laths. Synergistically, the continuous
and stable transformation of RA and the crack propagation across BF laths ultimately
account for the highest elongation observed in the 4 h specimen. For the 6 h specimen, the
transformation rate of RA remains high and continuously accelerates once the strain exceeds
3%. The resulting extensive formation of hard and brittle martensite accelerates crack
nucleation, leading to premature plastic instability. Furthermore, after instability onset,
the RA continues transforming at a high rate (Figure 12), generating more hard and brittle
martensite that accelerates crack propagation, and thus reduces total elongation. Thus, it is
evident that the continuous and stable mechanically induced martensitic transformation of
RA during tensile deformation underlies the optimal elongation of the 4 h specimen. This
may be attributed to the moderate reduction in the strength of the bainitic ferrite laths and
the locally elevated carbon concentration gradient near the interfaces of the blocky retained
austenite in the 4 h specimen [15,27].

5. Conclusions and Prospects
This study systematically investigated the evolution of microstructure and mechanical

stability of retained austenite (RA) in nanostructured bainitic GCr15Si1Mo steel, as well
as their effects on mechanical properties, with a focus on the influence of prolonged
austempering time (from 3 h to 4 h and 6 h). The main conclusions are drawn as follows:

(1) Prolonging the austempering time beyond the bainitic transformation at 300 ◦C
(after 3 h) leaves the microstructure and RA volume fraction largely unchanged, but
gradually increases the carbon content of RA—more in blocky than in film-like RA—
while progressively reducing dislocation density. Together, these changes influence
the mechanical stability of RA and the resulting strength–ductility balance.

(2) Prolonging austempering after bainitic transformation alters both RA’s overall me-
chanical stability and the kinetics of its strain-induced martensitic transformation. As
time goes on, the stability follows a non-monotonic trend: first a drop, then a rise. Yet
for the 4 h and 6 h specimens, it remains below the 3 h level. Prolonged austempering
also accelerates the initial transformation rate during tension and produces different
rates at later stages. Among all the specimens, the 4 h specimen shows the most
favorable, continuous, and stable transformation rate throughout deformation.

(3) After the bainitic transformation completes at 300 ◦C (3 h), prolonged austempering
lowers the microhardness from 552 HV to 536 HV. The ultimate tensile strength stays
around 1790 MPa, whereas yield strength rises from 1308 MPa to 1374 MPa. Influenced
by both RA’s mechanical stability and its strain-induced martensitic transformation
rate, the total elongation shows a non-monotonic trend with austempering time: first
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increasing, then decreasing. In this study, the 4 h specimen exhibited the highest total
and uniform elongation among all specimens. Consequently, its strength-elongation
product (PSE) reached a peak value of 29.9 GPa·%, which is 1.65 times that of the
3 h specimen.

The clarified regulation of retained austenite stability and the TRIP effect within
transformation stasis provides a theoretical reference for factories to adjust continuous salt
bath austempering production lines. Manufacturers can appropriately extend the holding
time in a certain range to customize steels with matched plasticity according to different
component forming requirements.

This work systematically reveals the evolution of the microstructure and mechan-
ical properties of nanostructured bainitic bearing steel under prolonged austempering
within transformation stasis, yet the present study has an obvious limitation in that all mi-
crostructural statistics rely solely on 2D electron microscopy characterization. Subsequent
research will adopt AI-assisted 3D microstructure reconstruction technology to eliminate
planar projection deviation, combine unified 2D/3D multi-scale microstructural descriptor
models for bainitic steel, and adopt serial-Section 3D characterization to quantify the three-
dimensional network evolution of retained austenite during tensile deformation [56–58].
The 3D topological evolution law of RA and its intrinsic correlation with the TRIP effect
will be further clarified to realize more accurate prediction of strength–ductility synergy
performance of nanostructured bainitic steel.
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The appendix is a methodological framework figure that illustrates the research steps

and methodology of this study to facilitate the reader’s comprehension.
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Figure A1. Methodological framework of this manuscript.
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