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Abstract: The effect of austempering time after the bainitic transformation on the microstructure and property in a low-carbon bainite steel was in-
vestigated by metallography and dilatometry. The results showed that by prolonging the austempering time after the bainite transformation, the
amount of large-size martensite/austenite islands decreased, but no significant change of the amount and morphology of bainite were observed. In
addition,  more  austenite  with  a  high  carbon  content  was  retained  by  prolonging  the  holding  time  at  the  bainite  transformation  temperature.
Moreover, with a longer holding time, the elongation was improved at the expense of a small decrease in tensile strength. Finally, the Avrami
equation BRF = 1− exp(−0.0499 × t0.7616) for bainite reaction at 350°C was obtained for the tested steel. The work provided a reference for tailoring
the properties of low-carbon steels.
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1. Introduction

The bainite reaction normally occurs at intermediate tem-
perature  and  is  associated  with  more  controversy  than  any
other  transformations  in  the  field  of  physical  metallurgy
[1−7].  Bainite  transformation  is  affected  by  many  factors
such as alloying elements [8−14],  heat treatment parameters
[15−20],  and  deformation  conditions  [21−25].  For  example,
the  addition  of  niobium  has  been  found  to  retard  bainitic
transformation, while  molybdenum addition  effectively  pro-
moted  bainitic  reaction  in  low-carbon  bainite  steels  [11].  A
finer  bainite  microstructure  was  obtained  in  the  specimen
austempered  below  Martensite  start  temperature  (Ms) com-
pared  with  the  specimen  held  above  Ms [17].  Huang et  al.
[18]  obtained  better  ductility  and  increased  strength  and
elongation  in  low-carbon  steels  subjected  to  B-QP  (bainitic
isothermal  transformation  plus  quenching  and  partitioning)
treatment  compared  to  those  subjected  to  Q-P  (quenching
and  partitioning)  treatment.  Hu et  al.  [21] revealed  the  im-
pacts of  deformation  temperature  and  strain  on  bainite  pre-
cipitation. They claimed that the degree of bainite growth re-
tardation increased  more  quickly  with  strain,  while  the  de-
gree  of  bainite  reaction  promotion  by  nucleation  increased

slowly. These studies consider only one isothermal time after
bainite transformation. A few studies focused on the effect of
prolonging  austempering  time  after  bainite  reaction  on  the
microstructure  and  mechanical  properties.  For  example,
Morales-Rivas et al. [26] investigated the tensile response of
the  composite  microstructure  of  high-carbon,  high-silicon
steels and clarified that prolonging the holding time at bain-
ite  transformation  temperature  resulted  in  higher  ductility,  a
considerable  coarsening  of  the  bainite  plates  and  retained
austenite  (RA).  However,  only  few  studies  have  addressed
the effect  of  prolonged  austempering  time  after  transforma-
tion on the microstructure and properties of low-carbon bain-
ite  steels.  Therefore,  in  the  present  study,  longer  holding
times after the bainitic transformation were designed to clari-
fy the  effect  of  prolonged  austempering  time  on  the  micro-
structure  and  properties  of  low-carbon  bainite  steels.  The
work provided a reference for tailoring the properties of low-
carbon bainite steels.

2. Experimental

The  tested  steel  with  a  chemical  composition  (Table  1)
was refined  by  a  laboratory-scale  vacuum  furnace.  Molyb- 
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denum  addition  can  accelerate  bainite  transformation.  The
ingots  were  hot-rolled  and  were  then  air-cooled  to  ambient
temperature. Specimens were machined to ϕ 8.0 mm × 12.0
mm cylinders  for  thermomechanical  simulation  tests.  Ac-
cording to  the  time-temperature  transformation (TTT) curve
of the tested steel (Fig. 1(a)) plotted using JMatPro 7.0 [14],
the  temperature  range  of  the  bainite  reaction  was  between
330.6  and  503.1°C.  It  is  known  that  a  high  transformation
temperature of bainite reaction led to coarse grains and poor
mechanical properties [27]. Hence, 350°C, slightly above Ms,
was chosen as the bainite  transformation temperature to ob-
tain finer lathlike bainite ferrite.

Thermal  simulation  experiments  were  conducted  on  a
Gleeble 3500 simulator according to the procedure in Fig. 2.
Specimens  were  austenized  for  15  min  at  1000°C  and  then
isothermally transformed at 350°C for different times before
air-cooling to  ambient  temperature.  According  to  the  con-

tinuous  cooling  transformation  (CCT)  curve  in Fig.  1(b),  a
relatively  larger  cooling  rate  of  20°C/s  is  needed  to  avoid
high-temperature proeutectoid  ferrite  or  pearlite  transforma-
tion [28]. At 350°C, the holding time of the specimens was 3,
5, 30, and 60 min, and these routes were termed as A-3, A-5,
A-30,  and  A-60,  respectively.  Finally,  all  specimens  were
cooled to ambient temperature at 5°C/s.

All specimens were prepared for microstructure observa-
tion  by  mechanical  grinding  and  polishing  before  being
etched  with  4vol%  nital.  A  Nova400  Nano  field-emission
scanning electron microscope (SEM) was utilized to observe
the microstructure, and an acceleration voltage of 20 kV was
selected.  Quantitative  X-ray  diffraction  (XRD) analysis  was
carried out to measure the amount and carbon content of the
RA. The amount of austenite and the carbon concentration in
the RA were calculated using the following equations:

Vi =
1

1+G(Iα/Iγ)
(1)

Cγ =

λ√h2+ k2+ l2

2sinθ
−3.578

/0.033 (2)

where Vi is  the  amount  of  austenite  for  each peak, Iα and Iγ

represent the integrated intensities of ferrite (bcc) and austen-
ite (fcc) peaks, respectively, and the G value for each peak is
defined  in  Ref.  [29].  Moreover, θ are  the  angle  of  (200),
(220), and (311) diffraction peaks, and λ (λ = 0.178892 nm)
is  the  wavelength  of  X-ray.  The  volume  fraction  of  each
phase in microstructure was calculated using Image-Pro Plus. In
addition, tensile tests were carried out on a UTM-5305 elec-
tronic  universal  tensile  tester  at  room  temperature,  and  the
strain  rate  was  4  × 10−3 s−1.  To improve the  accuracy,  three
tensile specimens of each isothermal time were prepared, and
the  average  value  of  the  three  tensile  tests  was  obtained  as
the final results.
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Fig. 1.    Time–temperature transformation (a) and the continuous cooling transformation (b) curves of the tested steel.
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Fig. 2.    Illustration of the experimental procedure.

Table 1.    Chemical composition of the tested steel wt%

C Si Mn Mo Fe
0.220 2.012 2.197 0.218 Bal.
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3. Results and discussion

3.1. Dilatation

Fig.  3 illustrates  the  dilatation  curves  of  specimens  and
the relative fraction of bainite. The fluctuation of isothermal
transformation  temperature  was  controlled  within  the  range
of ±0.5°C. The dilatation amount  in Fig.  3(a) represents  the
volume fractions of bainitic during the isothermal transform-
ation period of different specimens. The bainitic transforma-
tion at 350°C was observed to terminate at about 7 min. The

relative volume fraction of bainite (BRF) was equal to the rel-
ative dilatation strain (di/dmax) during the bainitic transforma-
tion.  According  to  the  instantaneous  expansion  amount  (di)
and the maximum expansion amount (dmax) during the bainit-
ic  transformation,  the  relative  expansion  strain  at  different
time was calculated; thus, the curve of BRF with time was ob-
tained  (Fig.  3(b)).  The  kinetic  curve  was  fitted  by  Avrami
kinetic  Eq.  (3),  and  the  result  is  illustrated  in Fig.  3 (solid
line).
BRF = 1− exp(−btn) (3)

where t is the transformation time, b is the kinetic parameter,
and n is the equation index. The Avrami equation BRF = 1 −
exp  (−0.0499  × t0.7616) for  bainite  transformation  was  ob-
tained  for  the  tested  low-carbon  bainite  steel  based  on  the
dilatation data. The fitting results showed that Avrami equa-
tion well described the bainitic reaction kinetics of the tested
low-carbon bainite steel.

3.2. Microstructure

Fig.  4 depicts the  microstructure  of  specimens  after  dif-
ferent  holding  time  at  350°C obtained  by  scanning  electron
microscopy  (SEM).  As  observed,  the  microstructure  of  the
specimens  contained  lathlike  bainite  ferrite  (BF),  film-like
RA,  and  martensite  with/without  austenite.  Martensite/aus-
tenite  (M/A)  islands  contained  martensite  and  austenite,
whereas  martensite  without  austenite  presented  a  large
blocky  morphology,  which  was  formed  during  cooling  to
ambient temperature.  Cementite  precipitates  can  be  preven-
ted due to the addition of ~1.5wt% silicon [30−33]. Thus, no
cementite precipitates were formed in the microstructure. The
amount of large-size M/A was observed to decrease with in-
creasing  the  holding  time  at  350°C,  but  the  morphology  of
bainite showed few differences among A-5, A-30, and A-60

specimens. The amount change of large-size M/A may be at-
tributed  to  the  carbon  redistribution  and  the  change  in  the
chemical stability of austenite. Except for the specimen held
at 350°C  for  3  min  (i.e.,  A-3),  bainite  transformation  pro-
ceeded in  other  specimens,  and  compared  with  A-3,  the  re-
sidual austenite in the other specimens contained a high car-
bon content due to the rejection of carbon from bainite to the
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adjacent austenite, resulting in the high stability of the resid-
ual austenite. Thus, blocky martensite was difficult to form in
A-5, A-30, and A-60 specimens. On the other hand, prolong-
ing the holding time after the bainitic reaction at 350°C res-
ulted  in  more  carbon  content  in  the  residual  austenite;  thus
the blocky large-size  M/A was hard to  form.  Therefore,  the
amount  of  large-size  M/A  decreased  with  the  increase  of
holding time at 350°C.

Based  on  several  micrographs,  the  amounts  of  bainite
were  calculated  by  Image-Pro  Plus  6.0.  The  lathlike  bainite
was different from the blocky martensite in morphology, and
in the SEM micrographs, dark bainite was distinguished from
white RA by color. Fig. 5 shows an example for calculating
the  bainite  amount.  The  darker  regions  consisted  of  bainite
and M/A (Fig.  5(a)). First,  the darker areas were automatic-
ally colored in red using Image-Pro Plus (Fig. 5(b)). The area
percentage  of  red  regions  could  be  automatically  calculated
by  the  software,  and  the  result  is  termed  as S1.  Then,  the
darker  blocky  regions  were  M/A  islands,  which  should  be
subtracted  from  the  red  regions.  The  darker  blocky  regions
were carefully and manually marked, as shown in Fig. 5(c).
The percentage of blocky regions (labeled as S2) was meas-
ured  by  Image-Pro  Plus  6.0.  Third,  the  remaining  part
(labeled as S3) was obtained by S3 = S1 − S2,  which was the
amount of bainite. In this example, S1 and S2 were calculated
to  be  67.68%  and  4.67%,  respectively,  so  that S3 was
63.01%. Therefore, the bainite amount in A-3 specimen was
measured  to  be  (63.01±2.32)%.  Similarly,  the  bainite
amounts in  A-5,  A-30,  and  A-60  specimens  were  determ-
ined  to  be  (69.39±3.24)%,  (70.08±3.65)%,  and  (70.42±
3.74)%,  respectively.  To  increase  the  accuracy  of  statistical

results,  several  typical  SEM  micrographs  of  each  specimen
were  calculated,  and  the  average  value  was  obtained  as  the
final  result.  This indicated that  the bainite amount increased
with the increase of holding time from 3 min to 5 min, but no
significant change in bainite amounts were observed in A-5,
A-30, and A-60 specimens.

3.3. XRD experiments

Fig. 6 illustrates the diffraction patterns of specimens ob-
tained by XRD experiments. The angles of diffraction peaks
and  the  integrated  intensities  were  computed  by  the  High
Score Plus software. The amount and carbon content of RA
were  calculated  according  to  Eqs.  (1)  and  (2),  respectively,
and the average values of Vi and Cγ were obtained as the fi-
nal results. XRD measurements represented an average value
of the carbon content in RA. It  should be pointed out that a
great  difference  existed  between  the  carbon  contents  of  the
blocky and thin-film RA. The carbon enrichment was high in
the film RA between the bainite plates. The amount and car-
bon content of RA are given in Fig. 7. The figure displayed
that the amount and carbon content of RA increased with the
increase of  holding  time  at  350°C.  With  longer  austemper-
ing  time,  the  blocky  RA  decreased  (Fig.  3),  while  the  RA
amount increased,  meaning  more  film-like  RA  was  presen-
ted in  the  microstructure.  Only  carbon  diffusion  was  con-
sidered  here  because  the  activity  of  carbon  is  much  greater
than Mn  and  Si  at  350°C.  With  the  extension  of  the  iso-
thermal time, bainite transformation did not further proceed;
thus, there should exist other sources for more carbon in A-
30 and  A-60  specimens.  It  is  known that  after  bainite  reac-
tion, some carbon atoms are trapped at dislocations and oth-
er  defects  [34−38]. The  isothermal  holding  after  the  trans-
formation  provided  a  condition  for  the  diffusion  of  carbon
atoms to adjacent  austenite.  With the extension of  the hold-
ing time, the recovery of dislocations resulted in a release of
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the carbon. Hence, the residual austenite was further carbon-
enriched  with  prolonged  isothermal  time,  increasing  the
chemical  stability  of  untransformed  austenite.  Finally,  more
austenite was  retained  at  ambient  temperature,  and  the  car-
bon  content  in  the  RA  was  high.  Huang et  al.  [19]  studied
the  effect  of  quenching-long  partitioning  treatment  on  the
microstructure  and  properties  of  a  low-carbon  alloyed  steel.
They  reported  that  impact  toughness  at  room  temperature
was  significantly  improved  by  quenching-long  partitioning
treatment  due  to  more  carbon  partitioning  and  stress  relief.
The main differences between their study and the present in-
vestigation  are  as  follows:  First,  the  chemical  compositions
in  the  two  studies  were  different,  and  Ref.  [19]  considered
more  alloying  elements.  Second,  the  investigation  purpose
was different. Ref. [19] focused on the effect of partitioning
time on impact toughness in a Q&P steel,  while the present
study investigated the effect of prolonged isothermal holding
time after  bainitic  transformation  on  the  RA and properties.
Third, in the reference,  the partitioning temperature was be-
low Ms, whereas the isothermal temperature in this study ex-
ceeded Ms.

Using the T0 theory, the maximum carbon content in the
RA after the bainitic transformation at 350°C was calculated
to be 0.885wt%, which is plotted in Fig. 7. The T0 curve rep-
resented  the  collection  of  the  points  of  maximum  carbon
content in austenite at different temperatures. Thus, the bain-
ite transformation ceased when the carbon content in austen-
ite  reached  the  limit  at  a  given  temperature.  In  addition,
stored energy caused by bainitic transformation moved the T0

curve  leftward,  resulting  in  the  carbon  content  in  austenite
being less than the maximum carbon content by T0. The less
carbon content  in  austenite  resulted in  the early finishing of
bainitic  transformation.  Therefore,  both  the  carbon  content
and  stored  energy  determined  the  incompletion  of  bainitic

transformation.  The  carbon  content  in  the  RA  of  the  four
specimens were lower than the calculated theoretical value of
T0, indicating that the bainite precipitation had the character-
istic of incomplete reaction [39].

3.4. Mechanical properties

Fig.  8 shows the engineering strain‒stress curves of dif-
ferent specimens, and the tensile results are given in Table 2.
The  tensile  behaviors  presented  a  clear  transformation‒in-
duced  plasticity  (TRIP)  effect.  The  amount  and  stability  of
the  RA are  known to  be  of  critical  importance  to  the  TRIP
effect. The stability was affected by the amount, carbon con-
tent, grain size, and morphology of RA. Prolonging the aus-
tempering time resulted in an increase of the amount of RA
and  its  carbon  content,  as  well  as  the  increase  of  film-like
RA, leading to a more pronounced TRIP effect. The elonga-
tion  increased  at  the  expense  of  a  small  decrease  in  tensile
strength by prolonging the austempering time after the bain-
itic  transformation,  which  corresponded  to  the  results  of
XRD experiment.

4. Conclusions

The effects of the prolonged austempering time after the
bainitic reaction on the microstructure and mechanical prop-
erties  of  a  low-carbon  bainite  steel  were  investigated  by
metallography, dilatometry, XRD, and tensile tests. The res-
ults  showed  that  by  prolonging  the  austempering  time  after
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Table 2.    Mechanical properties of different specimens

Specimen
Tensile

strength / MPa
Yield

strength / MPa
Elongation / %

A-3 1267 ± 33 1090 ± 20 16.00 ± 0.10
A-5 1278 ± 35 1109 ± 36 16.21 ± 0.12
A-30 1215 ± 21 1126 ± 38 16.36 ± 0.15
A-60 1204 ± 17 1126 ± 41 16.88 ± 0.16
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the bainitic transformation, the amount of large-size martens-
ite/austenite  island  decreased,  but  no  significant  change  in
amount and  morphology  of  bainite  was  observed.  In  addi-
tion,  more  austenite  with  high  carbon  content  was  retained.
Moreover,  prolonging  the  austempering  time  resulted  in  an
increase of the amount of RA and its carbon content, as well
as the  increase  of  film-like  RA,  leading  to  a  more  pro-
nounced TRIP  effect.  Therefore,  the  elongation  was  im-
proved at the expense of a small decrease in tensile strength.
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