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Abstract: The mechanical properties of carbide-free bainitic steels used in sports equipment were
investigated. The nanobainitic ferrite was introduced in bainitic steel to enhance the stability of
blocky retained austenite (RA). The blocky RA formed in bainitic austempering process was coarse
and led to poor mechanical properties. By introducing the nanobainitic ferrite into blocky RA, the
yield strength was improved remarkably, which was increased from 706 to 1180 MPa. Furthermore,
the total elongation was almost twice the value compared to the traditional bainitic treatment. The
improved mechanical properties were attributed to the enhanced stability of blocky RA. Furthermore,
the increased carbon content in RA derived from the carbon dissolved in bainitic ferrite and the
carbon trapped in dislocation or Cottrell atmosphere.

Keywords: retained austenite; carbon diffusion; tempering; elongation; bainitic steel

1. Introduction

Steels are widely used in sports equipment, such as fitness equipment, and other
competitive sports materials, such as bicycle and mountaineering equipment. Steels are by
far the most reliable material, but they require continuous improvement in strength and
ductility to extend service life or be lightweight. The carbide-free bainitic steel has received
significant attention because it has superior mechanical properties such as high strength
and good ductility due to its microstructure [1–4]. Bainitic transformation often has the
incomplete transformation (ICT) phenomenon [5], which means that bainite transformation
would be sluggish before reaching equilibrium. The untransformed austenite will be
embedded into the aggregates of bainitic ferrite plates in the final microstructure. The
carbon atoms will diffuse from bainitic ferrite into austenite when bainitic ferrite grows
in the microstructure, and some of the carbon atoms precipitate as carbides in bainitic
ferrite or RA. According to the diffusionless theory [5], once the carbon content in retained
austenite reaches the T00′′ limit at which austenite and ferrite have the same Gibbs free
energy, the bainite transformation stops.

In carbides-free bainitic steels, the volume fraction of blocky RA increases with in-
creasing isothermal temperature. Thus, the bainite steels formed at high temperature often
have a high working hardening rate but low ductility. Therefore, the amounts and stability
of RA in bainite steels are critical for mechanical properties. Generally, blocky RA has low
mechanical stability and transforms into blocky martensite during plastic deformation.
The newly formed martensite will bear much stress which may act as the origin of cracks
during tensile tests [6].

Bhadeshia [7] found that steel with a high carbon content (≥0.6 wt.%) could form
a microstructure of nanosized bainitic ferrite and RA when austempering at a low tem-
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perature for a couple of days. The ultimate strength exceeds 2 GPa with a considerable
toughness, which shows great potential for industrial application. It has been reported
that the nanostructured bainitic ferrite continues to form when adopting multi-step heat
treatments. It can divide the blocky RA into smaller ones and improve its mechanical
stability [8,9]. However, the time of heat treatment lasts long.

In Q-P (Quenching-Partitioning) or Q-P-T (Quenching-Partitioning-Tempering) high
strength steels [10,11], the carbon atoms will partition from martensite into RA and increase
the carbon content in RA when tempering. This could significantly improve the stability of
RA and the ductility of steel. However, for the bainite transformation, most carbon atoms
have already diffused from bainitic ferrite into austenite during the bainitic ferrite trans-
formation. Therefore, very little research focuses on the carbon partition and its effects on
the stability of RA after bainite transformation. With the isothermal temperature decrease,
the thickness of bainitic ferrite laths decrease, and dislocation density increases [12]. It
was reported that the nanoscale bainitic ferrite always had a high density of dislocations
and vacancies [7] and plenty of carbon atoms have been trapped in them [13–17]. The
average carbon content in the bainite steels could be as high as 14.0 at.% in a dislocation or
Cottrell atmosphere detected by 3D atom probe tomography (3DAP) [15,18]. Furthermore,
Caballero et al. [16] reported that the nanoscale bainitic ferrite has a tetragonal crystal
structure which allows high amounts of carbon in solid solution, and the carbon content
could reach 1.1 at.%, which is greatly beyond the paraequilibrium phase boundaries. It has
been proven that the carbon content in RA increases when tempering although the bainite
transformation has stopped [17,19,20]. But they seldom discussed the effect of this small
part of carbon atoms from bainitic ferrite into RA on the mechanical properties.

Few research studies discuss the carbon partitioning and its effects on the stability
of RA after bainite transformation. Thus, by introducing the nanobainitic ferrite into the
blocky RA, and its effect on mechanical properties was investigated. Furthermore, the role
of nanobainitic ferrite and carbon diffusion from bainitic ferrite into RA during tempering
were also discussed.

2. Materials and Methods

The chemical composition of the steel is Fe-1.0C-2.90Si-0.80Mn-0.51Cr-0.03Nb-0.25Mo
(wt.%). The ingot was hot-rolled to a 40 mm × 40 mm × 1500 mm bar at 1150 ◦C, then
slowly cooled in a sand mold.

The size of the specimen was 100 mm × 50 mm × 10 mm, and the BA (bainitic
austempering), BAQ (bainitic austempering-quenching), and BAP (bainitic austempering-
partitioning) heat treatments are shown in Figure 1. The BA samples were all austenitized
at 950 ◦C (1223 K) for 20 min, then directly austempered at 350 ◦C (623 K) for 3 h before
quenching into water. The BAP and BAQ samples were austempered at 350 ◦C (623 K) for
1 h in a salt bath, followed by isothermal heat treatment at 250 ◦C (523 K) for 4 h, then the
BAQ sample was quenched into water directly, and the BAP continued to be tempered at
350 ◦C (623 K) for 1 h before quenching into water.

Tensile tests were conducted on the Zwick/Roell (BTC-T1-FR020 TN. A100, ZWick-
Roell, Ulm, Germany). The size of tensile sample was 16 mm × 5 mm × 1.5 mm with
a gauge length of 16 mm, and the strain rate was 5.2 × 10−4 s−1. Three samples were
prepared for each condition. The tensile samples were interrupted at different engineering
strains, and their volume fraction of RA was measured by the saturation magnetization
measurement in Physical Property Measurement System (PPMS-9T, Quantum Design, San
Diego, CA, USA). Microstructures were characterized on a scanning electron microscope
(GAIA3, TESCAN, Brno, Czech Republic) after mechanical polishing and etching in 4%
nital solution. The dilatometry tests (DIL805A/D/T, Waters, Milford, MA, USA) were
conducted on the samples with a diameter of 4 mm and a length of 10 mm, and the relative
length changes were calculated. The radio of the fractions of film and blocky RA is given
by Equation (1) [21]:
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Vf γ

Vbγ
=

0.15VBF
Vγ − 0.15VBF

(1)

where Vfγ and Vbγ are the volume fractions of film and blocky RA, respectively, and Vγ

and VBF are the total volume fraction of RA and bainitic ferrite, respectively.
The T0 and T0

′ lines were calculated by Thermos-Calc 2018 software, (Thermo-Calc,
Stockholm, Sweden). The volume fraction and carbon content in RA were measured by
an X-ray diffractometer (BRUKER, Bremen, Germany) at a speed of 1◦/min. Besides, the
carbon content in RA was calculated by the following Equation (2) [22]:

aγ = 3.5780 + 0.033wC + 0.00095wMn + 0.0006wCr + 0.0031wMo (2)

where aγ is the lattice parameter of austenite in
◦
A, and wi is the content of element i in

wt.%. For ferrite in Equation (3) [23]:

aα = 2.8664 +
(aFe − 0.279xC)

2(aFe + 2.496xC)− a3
Fe

3a2
Fe

− 0.03xSi + 0.06xMn + 0.31xMo + 0.05xCr (3)

where xi is the content in mole fraction and aFe = 2.8664
◦
A is the lattice parameter of ferrite

in pure iron.
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Figure 1. Schematic graph of BA (bainitic austempering), BAQ (bainitic austempering-quenching),
and BAP (bainitic austempering-partitioning) treatments.

3. Results
3.1. Mechanical Properties

The stress and strain curves of the BA, BAQ, and BAP, and corresponding work
hardening rate curves are shown in Figure 2, and the data are listed in Table 1. The BA
sample had the lowest yield strength, and both the ultimate strength and yield strength
of the BAP sample are slightly higher than that in BAQ in Figure 2a. Furthermore, the
elongation is significantly larger and almost twice the value in the BAP sample compared
to the BA and BAQ in Table 1. However, the strain hardening capacity of the BAP showed
a lower value than the BA and BAQ until fracture as shown in Figure 2b.
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Table 1. The mechanical properties of BA (bainitic austempering), BAQ (bainitic austempering-
quenching), and BAP (bainitic austempering-partitioning) treatments.

Samples Rp0.2/MPa Rm/MPa Uniform
Elongation/%

Total
Elongation/%

BA 706 ± 10 1689 ± 10 16.0 ± 3 16.9 ± 3
BAQ 1070 ± 15 1616 ± 10 13.0 ± 3 14.0 ± 2
BAP 1180 ± 10 1680 ± 10 28.0 ± 2 33.0 ± 2

3.2. Volume Fraction and Carbon Concentration of RA

The volume fraction of RA in BA, BAQ, and BAP have almost the same, as shown in
Figure 3. Furthermore, the ratio of film and blocky RA is also the same in these samples.
However, the carbon content in bainitic ferrite and RA are different which is shown
in Table 2. The BAP had the highest carbon content in RA, and the carbon in bainitic
ferrite was the lowest among them. The dislocation density was also calculated from the
XRD results using the modified Williamson-Hall equation [24–26]. It is shown that the
dislocation density in bainitic ferrite decreases after tempering at 350 ◦C for 1 h.
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Table 2. Measured data for the BA, BAQ, and BAP samples.

Vγ/% Xγ/wt% Xα/wt% ρα/m−2

BA 47.0 ± 5 1.30 ± 0.3 0.018 ± 0.01 1.33 × 1015

BAQ 47.0 ± 5 1.29 ± 0.2 0.024 ± 0.01 1.70 × 1015

BAP 50.5 ± 5 1.66 ± 0.3 0.010 ± 0.01 0.09 × 1015

where Xγ and Xα are the carbon content in RA and bainitic ferrite, respectively, and ρα is the dislocation density
in bainitic ferrite.

The variation of volume fraction of RA at different strains has been shown in Figure 4.
It demonstrates that the volume fraction of RA decreased with the true strain and trans-
formed into martensite. To evaluate the mechanical stability of RA, the curves could be
fitted by the exponent decay law by Equation (4) [27]:

f = f0 exp(−kε) (4)

where f is the volume fraction of RA as function with ε, f 0 is the initial volume fraction of
RA, and k represents the mechanical stability of RA during tensile deformation. A big k
value means low stability. In the present work, the RA stabilization in BA is the lowest
among the three. The k was 6.86 in BAP and 9.56 in BAQ, respectively, which is shown
in Figure 4. This indicates that the RA in BA or BAQ could be easily transformed into
martensite which may become the origin of cracking during deformation.
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ting curves.

3.3. Microstructure

It shows that the microstructure consisted of plates of bainitic ferrite and RA in
Figure 5. Furthermore, there were two different types of RA, such as block-shaped and
film-shaped. The thin needle-like bainitic ferrite could be seen in blocky RA in Figure 5b,c.
The nanobainite ferrite formed during austempering at 250 ◦C divided the blocky RA
into smaller ones. The main fracture morphology of the BA and BAQ are quasi-cleavage,
cleavage and dimples, whereas almost dimples are present in the BAP fracture, as shown
in Figure 5d–f).
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3.4. Kinetics of Bainite Transformation

Figure 6 shows that the lengths changed in dilatometry tests for BA, and BAP samples.
In Figure 6a, the length increased significantly before 1 h and then kept unchanged when
the isothermal time exceeded 1 h at 350 ◦C, which means that the bainite transformation has
been stasis in 1 h. Afterward, the length increased slightly once the isothermal temperature
decreased to 250 ◦C for 4 h in Figure 6b. Furthermore, the length stayed flat during
tempering at 350 ◦C for 1 h in Figure 6b.
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4. Discussion
4.1. The Kinetics of Bainite Transformation

The relative length change during the partitioning and tempering could be attributed
to carbon partitioning and phase transformations. It is reported that the bainite trans-
formation would be stasis when the carbon content in RA exceeded the T0 line (T0

′ was
considered the stored energy in ferrite) [5]. The whole heat treatment process of BAP
could be divided into three stages: (i) at 350 ◦C for 1 h. The transformation had been
sluggish when time exceeds 1 h at 350 ◦C; (ii) at 250 ◦C for 4 h. The nanoscale bainite
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ferrite continued to form once decreasing the isothermal temperature to 250 ◦C in Figure 6b.
This was because the driving force increased when the isothermal temperature decreased
from 350 ◦C to 250 ◦C, and then triggered the bainite transformation again. Furthermore,
the RA can accommodate more carbon atoms when decreasing isothermal temperature,
which is shown in Figure 7. (iii) tempering at 350 ◦C for 1 h. The carbon concentration
was 1.29 wt.% and 1.30 wt.% in BAQ and BA samples, respectively, which are marked in
the black dot in Figure 7. The transformation would stop when the carbon content in RA
reached the T0

′ line based on diffusionless theory. And the length change stayed almost
flat in Figure 6b, which indicates that no phase transformation occurred.
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4.2. The Thermodynamics of Carbon Diffusion

The carbon concentration in RA increased from 1.29 wt.% in the BAQ sample to
1.66 wt.% in the BAP sample, which suggests that more carbon diffused from nanobainitic
ferrite into retained austenite. It was reported that the nanostructured bainitic ferrite had a
tetragonal crystal structure which allowed more amounts of carbon in solid solution than
the paraequilibrium phase boundaries [14,16]. Thus, the dissolved carbon in ferrite was
partitioned from ferrite to austenite when tempering at high temperature. This process
could be calculated by building a thermodynamic model. During tempering at 350 ◦C,
the alloying elements were considered to be nondiffusible, thus the phase boundary
was thought to be immobilized, and only carbon atoms diffused from ferrite to RA. The
calculation system was one-dimensional and was defined as a size of 50 nm, of which
the size of austenite was 20 nm and the size of bainitic ferrite was 30 nm. The numerical
simulation equation was the diffusion Equation (5):

∂c
∂t

=
∂

∂z

(
c ·M · ∂µ

∂z

)
(5)

where c is the mole fraction of carbon, µ is the chemical potential of carbon, M is atomic
mobility, t is the diffusion time. The initial condition is that Cγ = 1.29 wt.%, Cα = 0.024 wt.%
which are listed in Table 2 and the results are shown in Figure 8.

It was shown that the carbon atoms partition from bainitic ferrite to RA according to
the calculation results in Figure 8b,c. At t = 0.0001 s, a gradient concentration of carbon
formed in the austenite because the diffusion rate in austenite was much lower than in
ferrite [28]. In Figure 8c, when the partition time was 0.001 s, it reached the local equilibrium
of carbon between ferrite and austenite. The calculated results show that carbon content
increased from 1.29 wt.% to 1.32 wt.% in RA after partitioning, but the carbon content was
approximately 1.66 wt.%. Therefore, apart from the carbon dissolved in ferrite, there were
also other carbon contributions to the increase of carbon concentration in RA.
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The carbon in defects, such as dislocations, are also considered to diffuse from bainitic
ferrite to RA. It is [7] reported that the lower bainitic ferrite with high-density dislocations
and Cottrell atmosphere, which could accommodate plenty of carbon atoms [13–17]. The
carbon is presented not only in solid solution in bainitic ferrite but also in defects. It mainly
considered two contributions at defects: the carbon atoms trapped in the dislocation strain
field in ferrite lattice [29] and carbon atoms in Cottrell atmosphere [30]. However, it
was difficult to quantify the carbon content trapped at defects by experimental methods.
Therefore, it could be estimated by Equations (6)–(9) [29,30]:

Cρ
α = NC

V Ω× 100 (6)

NC
V =

ΩΓ ln{R/r0}
∆VC

ρ

b
(7)

CCottrell
α = 8ρπr0

2 (8)

Cdefects= C ρ
α +C Cottrell

α (9)

where the Cρ
α is the carbon in dislocation strain field, CCottrell

α is the carbon content in
Cottrell atmospheres, Cdefects is the carbon content in defects, NC

V is the carbon atoms in
a unit volume of ferrite without changing its lattice parameter, Ω = 4b3/33/2 is the
atomic volume in bcc structure, Γ ln{R/r0} is the volume change per atomic volume Ω,
∆Vc = 0.78 × 10−29 m3 is the volume change caused by the insertion of a single carbon
atom into a unit cell of bcc iron, ρ is the dislocation density of bcc phase, b is the Burgers
vector, r0 is a cylinder of radius about the dislocation line at the center. R = 140–400 nm is
twice the true thickness of bainitic ferrite. Therefore, the results are listed in the Table 3.

Table 3. The carbon content calculated in defects.

Samples ρ/m−2 Cρ
α/wt.% CCottrel

α /wt.% Cdefects/wt.%

BAQ 1.70 × 1015 0.14 0.014 0.154
BAP 0.09 × 1015 0.07 0.007 0.077

In Table 3, Cde f ects in the BAP sample was much lower than BAQ which was resulted
from the lower dislocation density. Tempering at 350 ◦C for 1 h, the dislocation density
in BAQ had recovered and the carbon in dislocation or Cottrell atmosphere was released
from defects and diffused into RA. Herein, the different Cde f ects could be contributing to
the increase of carbon content in RA. Therefore, it could be concluded that the increase
of carbon content in RA in BAP mainly consisted of two parts: the dissolved carbon in
bainitic ferrite and the trapped carbon in dislocation or Cottrell atmosphere. These carbon
atoms were considered to diffuse into the RA at the stage of tempering.
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The calculation results are shown in Table 4. the carbon concentration rose from
1.29 ± 0.2 wt.% to 1.49 ± 0.2 wt.%. However, the carbon content of RA in the BAP was
1.66 ± 0.3 wt.%, thus the deviation still existed. This may be due to the possibility that
carbon was segregated to ferrite/austenite interfaces, and they may also diffuse into RA
when tempering, but it demonstrated that there was no such segregation [16]. Thus, the
carbon in interfaces was neglected. Therefore, part of the carbon atom also existed in the
form of carbides. However, the discrepancy of calculated carbon content was below the
error and the carbon balance was almost satisfied.

Table 4. The increase of carbon content in RA in BAP sample.

Cγ-BAQ/wt.% Cdissolved+/wt.% Cdefects+/wt.% Cγ-increased/wt.%

1.29 ± 0.2 0.03 0.12 1.44 ± 0.2
where Cγ-BAQ is the carbon content in RA of the BAQ, Cdissolved+ is the increased carbon content due to dissolved
carbon, Cdefects+= (C defects-BAQ −Cdefects-BAP) × r is the increased carbon due to carbon in defects and r is the ratio
of volume fractions of ferrite and RA. Cγ-increased in carbon content in RA after tempering.

4.3. The Stability of Retained Austenite

The nanobainitic ferrite, as a second hard phase introduced in bainitic steel, not only
divided the blocky RA into small parts but also released its carbon into the RA, which led
to the enhancement of yield strength and elongation. As shown in Figure 9, the whole
evolution of microstructures is summarized. The blocky and filmy RA generates at stage (i)
and the bainite transformation has been stasis; then the nanoscale bainitic ferrite formed
and divided the blocky RA into small ones at stage (ii); at stage (iii), no new phase formed
and only carbon partitioning from bainitic ferrite to RA occurred.
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There was a lot of blocky RA in the BA sample, and the main fracture mechanism was
the cleavage fracture. The blocky RA was not favorable for ductility and toughness due to
its poor stability. The strain hardening capacity of three samples: BA > BAQ > BAP, and
the BAP showed low strain hardening rate at the low strain region but it increased with
ongoing deformation. The blocky RA deformed easily in the early tensile deformation stage.
When continuing to deform with deformation induced martensite, plenty of geometrically
necessary dislocations will be generated at phase boundaries to accommodate the strain
gradient [31]. This will lead the dislocation pile-ups around the boundaries and increase
the back stress [32,33]. Although the RA accommodated the deformation at an early stage
by transformation, the strong dislocation strengthening in ferrite due to transformation
also generated high strain localization. Therefore, the unstable blocky RA transforms at an
early stage contributes to high internal stress, and improves the strain hardening rate.
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The bainite transformation austempering at 350 ◦C had been finished in 1 h. However,
blocky RA could continue to transform into nanoscale bainitic ferrite when decreasing the
isothermal temperature. The nanobainitic ferrite nucleated at the phase boundaries and
grows, then cuts the blocky RA into small pieces. Thus, the grain size had been refined
which enhanced the strength without compromising plasticity [34,35]. Furthermore, the
nanobainitic ferrite itself had high strength due to its nanosized laths. Therefore, by
inducing the nanobainitic ferrite into blocky RA, the yield strength had greatly increased
from 706 MPa in the BA sample to 1070 MPa in the BAQ sample.

After tempering at 350 ◦C for 1 h, the elongation was significantly improved from
14% to 33% in BAP because the stability of RA increased due to high carbon content.
During the tensile deformation, great elongation probably originated from the collaborative
deformation. Furthermore, the stable RA altered the stress distribution between RA and
bainitic ferrite and carried more stress which eliminated the stress concentration to prevent
the local failure [36,37].

5. Conclusions

The mechanical properties and the stability of retained austenite in bainitic steels were
discussed. The formation of nanobainite ferrite had mainly two contributions: divided the
blocky RA into the small parts and the dissolved carbon in bainitic ferrite diffusing into
blocky RA during tempering. The major new findings of this study were as follows:

(1) By introducing the nanobainite ferrite in bainite steel, the yield strength had greatly
increased from 706 MPa in BA to 1180 MPa. Furthermore, a total elongation in BAP was
almost twice that of BA sample.

(2) The RA in the BAP sample had higher stability than that in the BA sample, with a
lower k value.

(3) The nanobainite ferrite divided blocky RA into ones with small sizes. Furthermore,
the carbon atoms which were dissolved in bainitic ferrite or dislocation and Cottrell
atmosphere will diffuse into RA during tempering.
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