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A low-alloy medium-carbon bainitic steel was isothermally tempered at 300 �C for up to
24 hours which led to a significant hardness decrease. In order to explain the decreasing
hardness, extensive microstructural characterization using scanning and transmission electron
microscopy, X-ray diffraction, and atom probe tomography was conducted. The experimental
work was further supplemented by thermodynamic and kinetic simulations. It is found that the
main underlying reason for the hardness reduction during tempering is related to dislocation
annihilation, possibly also with corresponding changes in Cottrell atmospheres. On the other
hand, cementite precipitate size, effective grain size of the bainite, and retained austenite fraction
appear unchanged over the whole tempering cycle.
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I. INTRODUCTION

BAINITIC steels are used in applications such as
crankshafts, seat belt buckles, rails or bearings, all of
which require high performance in terms of hardness
and wear resistance combined with a good toughness.
When choosing the optimal material for a certain
component, geometrical constraints together with
desired properties are determining factors. Alloying
must be used to obtain the desired hardenability in order
to avoid the formation of unwanted phases leading to
poor mechanical properties or thermal cracking, but at
the same time the cost should be minimized. The
alloying content is therefore kept to a minimum and
the processing time is kept short to reduce cost. The
bulk mechanical properties of a steel product can often
be achieved by a single heat treatment; however,
additional processing steps such as coating in order to

enhance wear, corrosion, and friction properties of the
surface may result in further processing steps at elevated
temperature resulting in tempering of the bulk steel.
Bainite was first observed in 1920 by Hultgren,[1] but

was at that time identified as ‘‘secondary ferrite.’’ Still, a
century after the discovery, the full extent of the
formation of bainite[2–4] and how the structure correlates
to the mechanical properties is not completely under-
stood. There are several studies on the contribution of
different bainitic microstructural features to the
mechanical properties.[5–10] Much focus has been on
the effect of the bainitic ferrite sub-units and the
retained austenite, but the carbon content and the
dislocation density in the ferrite have also been dis-
cussed. It should be emphasized that many of the
previously investigated steels contained high amounts of
Si which are of interest thanks to their excellent
mechanical properties, yet their main drawback is long
processing times.[11] When processing time is an impor-
tant factor, low Si bainitic steels are more suitable.
It has been reported that bainitic ferrite in high Si

grades is rather stable upon tempering and only small
changes in the width of packets have been observed for
tempering up to 30 minutes at 550 �C.[9] The high Si
content destabilizes the cementite to such an extent that
it may not precipitate; instead the remaining austenite in
such a case is enriched with carbon and is thus stabilized
and remains as films and blocks between the plates and
packets of the bainitic ferrite. In the high Si grades,
tempering will cause the retained austenite to undergo
an eutectoid transformation when the temperature/time
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is high/long enough for the solutes to partition.[12] This
is often given as one of the main reasons for the change
in mechanical properties during tempering.[5–7,9,13] Low
Si grades, on the other hand, have a much lower amount
of retained austenite due to the continuous formation of
cementite during the bainitic transformation. Still, a
significant loss in hardness is observed when low Si
grades are exposed to long isothermal treatments after
being fully transformed to bainite which thus cannot be
explained by transformation of the retained austenite.
The reason for the hardness reduction in low Si bainitic
steels during tempering has not been thoroughly inves-
tigated previously.

Thus, the aim of this study is to investigate how the
changes in microstructure relate to the changes in
mechanical properties, mainly the hardness, which occur
during tempering. After identifying the reasons for the
hardness decrease, a future materials design challenge
will be to design a more tempering-resistant bainitic
material.

II. EXPERIMENTAL METHODS

A. Material, Heat Treatments, and Hardness
Measurements

The steel used in this study was a soft annealed
1.1-mm-thick plate with the chemical composition given
in Table I. Samples of size 6 9 6 9 1.1 mm3 were cut
and austenitized at 880 �C for 20 minutes in a tube
furnace under argon atmosphere followed by quenching
in a Bi-Sn metal bath at 300 �C. The samples were
isothermally held at that temperature for different
durations in order to allow for complete transformation
to bainite and tempering before quenching in brine.

Dilatometry testing was conducted in a BÄHR DIL
805 A/D using a heating rate of 5 K/s up to the
austenitization temperature of 880 �C, holding for
20 minutes, and thereafter cooling to 300 �C using a
cooling rate of about 300 K/s to avoid any other
transformations. Quench-hardening was also performed
to achieve a fully martensitic microstructure. In that
case, a cooling rate of 300 K/s was maintained as far as
possible down towards room temperature. The dilatom-
etry samples were cut by wire electrical discharge
machining into a size of 10 9 4 9 1.1 mm3.

Hardness measurements were performed using a
semi-automatic micro-hardness tester Future-Tech
FM. Fifteen Vickers hardness indents using a load of
1 kg were performed per sample. Indentations were
conducted on a mechanically polished surface.

B. Microscopy

Samples for microstructural characterization were
mechanically polished in steps until final polishing using
colloidal silica with a particle size of 0.02 lm. Prior to
light optical microscopy (LOM) and secondary electron
(SE) imaging by scanning electron microscopy (SEM),
samples were etched with either 2 vol pct nital or 2
mass pct picric acid dissolved in ethanol. For SEM

characterization using backscattered electrons (BSE),
electron channeling contrast imaging (ECCI), and elec-
tron backscatter diffraction (EBSD), non-etched sam-
ples were used. LOM and SEM were conducted using a
Leica DM RM microscope and a JEOL JSM-7800F,
operating at 12 kV with a working distance of 7 mm for
imaging, respectively.
Thickness measurements of bainite plates were per-

formed from images using ECCI. When measuring the
thickness of the individual bainite plates, the mean
linear intercept method was used as shown in Figure 1.
A stereological correction was applied on the randomly
selected sections of the packets to estimate the true
thickness. Eq. [1] was used, where �LT is the measured
thickness and t is the true thickness.[14]

�LT ¼ p
2
t: ½1�

For EBSD, a step size of 50 nm was applied, the SEM
was operating at 12 kV with a working distance of
20 mm. Measurements and post-processing of data were
conducted using the software Bruker QUANTAX
CrystAlign.
The sizes of the cementite and niobium carbide

particles were measured on carbon extraction replica
samples prepared by mechanically polishing samples
and etching with 2 pct picric acid followed by sputtering
a 100 to 200 Å thick carbon layer on the etched surface.
The carbon film was thereafter cut in a pattern of about
1x1 mm2 pieces. The sample was then submerged in
7 pct perchloric acid to release the carbon film from the
sample surface. The films were cleaned two times in
ethanol and finally in distilled water before put on a
circular Cu-grid with a diameter of 3 mm. The samples
were analyzed in a JEOL JEM-2100F transmission
electron microscope (TEM) in scanning mode (STEM)
operating at 200 kV. The niobium carbides were iden-
tified using energy dispersive X-ray spectroscopy (EDS),
measured with an Oxford spectrometer.
TEM was also used in dark-field mode to investigate

possible presence of retained austenite at inter-plate
boundaries in the bainitic ferrite. The samples for
dark-field imaging were prepared using a focused ion
beam SEM (FIB-SEM), FEI Nova Nanolab 600,
operating at 30 kV for rough ion milling and 5 kV for
final ion polishing.
Samples for atom probe tomography (APT) were

prepared using FIB-SEM lift-out in an FEI Versa 3D,
finished with annular milling. The rough milling was
conducted using an operating voltage of 30 kV and final
polishing was performed at 5 kV. The APT experiments
were performed using a LEAP 3000X HR (Imago
Scientific Instruments) in laser pulse mode with a pulse
energy of 0.3 nJ. The sample temperature was set to
50 K and the evaporation rate was 0.5 pct. The acquired
data were analyzed using IVAS 3.4.12 (Cameca), and
reconstructions were made using voltage mode with an
image compression factor of 1.65, a field factor of 4.0
and an evaporation field of 25 V/nm. The carbon
content in the matrix was estimated by evaluating the
carbon content in cubes of 10 9 10 9 10 nm3 and then
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averaged. These cubes were placed in regions of the
matrix where no obvious clustering could be detected
from the 3D atom maps.

C. XRD

Samples for XRD were polished with a final mechan-
ical polishing step using 1 lm diamond suspension,
followed by electro-polishing in 7 vol pct perchloric acid
at 6 V for approximately 30 seconds to remove any
mechanically induced strain and/or martensite. The
XRD measurements were conducted using a Bruker
D8 Discover with Cu-Ka radiation and a LynxEye 1D
energy dispersive detector. Data were recorded from 40
to 140 deg 2h with angular intervals of 0.02 deg and a
counting time per step of 8 seconds. The Cu-Ka2 was
subtracted from the data using the software DIFFRA-
C.EVA V4.0, before further analyses of the peaks using
the software LIPRAS.[15] The peaks were least-square
fitted using a pseudo-Voigt function, see Figure 2. The
instrumental peak broadening was determined using an
Al2O3 reference sample and then subtracted from the
measured peak widths by using the closest reference
peak with respect to 2h.

The carbon content in the bainitic ferrite was evalu-
ated from the d-spacing of the (222) peak and Eq. [2].[16]

It should be noted that there are several alternative
equations in the literature. The soft annealed condition
was used as a reference, assuming ferrite has an
equilibrium carbon content in that sample, and the
change in d-spacing was then solely related to the
change of carbon content in the bainitic ferrite under the
assumption that no substitutional element diffusion
occurs at the tempering temperature that would affect

the change in the lattice parameter. For austenite, Scott
and Drillet have shown that the evaluated carbon
content can vary widely depending on the equation
applied.[17] In this study, it was estimated using Eq. [3]
proposed by Dyson and Holmes.[18]

a0/ ¼ aFe þ
ðaFe � 0:279CÞ2ðaFe þ 2:496CÞ � a3Fe

3a2Fe
� 0:03Siþ 0:06Mnþ 0:07Niþ 0:31Moþ 0:05Cr
þ 0:096V

½2�

a0c ¼ 3:5780þ 0:0330Cþ 0:00095Mn� 0:0002Ni
þ 0:0006Crþ 0:0220Nþ 0:0056Al� 0:0004Co
þ 0:0015Cuþ 0:0031Mo þ 0:0051Nbþ 0:0039Ti
þ 0:0018Vþ 0:0018W:

½3�

The parameters a0a and a0c are the experimentally
measured lattice parameter [Å] in both Eqs. [2] and [3],
aFe is the lattice parameter for pure iron, and alloying
contents are given in wt pct.
The total amount of retained austenite was also

estimated (trying to adhere to the procedure in ASTM
E975-13[19] when possible). However, only one austenite
peak was observed and included in the analysis, the 022
c-peak. On the other hand, six ferrite peaks could be
included in the analysis of the volume fraction of
austenite. Cementite was accounted for using the equi-
librium values calculated using Thermo-Calc
software.[20,21]

The full width at half maximum (FWHM) was used to
calculate the dislocation density applying the Wil-
liamson–Hall method[22,23] where peak broadening DK

Table I. The Alloy Composition (Wt Pct)

C Si Mn Cr Ni Nb S P Al Cu Fe

0.61 0.21 0.36 0.10 0.90 max 0.05 0.0007 0.0090 0.0040 0.01 bal.

Fig. 1—Illustration of plate thickness measurements on SEM ECCI
images.

Fig. 2—XRD data fitted using a pseudo-Voigt function, the intensity
is given in an arbitrary unit.
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(Eq. [4]) is plotted as a function of the diffraction vector,
K (Eq. [5]).

DK ¼ cos h
k

Dð2hÞ ½4�

K ¼ 2 sinðhÞ
k

: ½5�

k is the X-ray wavelength and h is the Bragg angle in
radians. By linearly fitting the peak broadening with
respect to the diffraction vector, the slope will corre-
spond to the mean square microstrain e as

DK ¼ aþ eK: ½6�

The dislocation density q could then be calculated as

q ¼ k

F
� e2

b2
; ½7�

where k is a constant set to 14.4 for a BCC metal with
the Burger’s vector (b) along [111].[23] F is the interaction

parameter which can be assumed to be 1 and b ¼
ffiffi

3
p

2 � 2:87 to 2:5 Å where 2.87 Å is the lattice parameter
of pure BCC Fe.[22,23]

D. Thermodynamic Calculations and Kinetic Simulations

Thermodynamic calculations were performed using
the Thermo-Calc software and the TCFE9 database to
evaluate equilibrium conditions.[20,21] Coarsening was
simulated using the DICTRA software and the TCFE9
and MOBFE4 databases. A spherical symmetry of the
particle and surrounding matrix was assumed and the
simulations were performed in 1D. The particle size was
set to the smallest of the experimentally measured
particles to simulate the case where the driving force of
coarsening is the highest. The interfacial energy was
varied between 0.1 and 0.7 Jm�2. In addition,

TC-PRISMA was used to simulate precipitation and
growth, using the same databases.

III. RESULTS AND DISCUSSION

The isothermal transformation time to obtain a fully
bainitic structure was determined to about 8 minutes
using dilatometry. The dilatometry curve can be seen in
Figure 3(a); it takes about 350 seconds to reach 95 pct
transformation and 499 seconds to reach 99 pct trans-
formation, evaluated as a ratio with respect to the
maximum length change. That complete transformation
had occurred after 8 minutes was confirmed by inter-
rupted isothermal treatments in the metal bath. The
martensite start temperature (MS) was also determined
with dilatometry for two samples (see example in
Figure 3(b)), and the MS was found to be
259 �C ± 2 �C. The MS was also calculated to be
263 �C using a thermodynamic-based model.[24] Hence,
both experiments and calculations provide an MS which
is well below the isothermal heat treatment temperature,
and the material studied can therefore be considered to
be fully bainitic.
To study tempering of bainite, isothermal heat

treatments were performed in the time interval from
10 minutes to 24 hours. A hardness reduction during
the extended isothermal tempering at 300 �C was
observed as shown in Figure 4. For the same process,
Figure 5 shows that there is no obvious microstructural
difference between the initial sample tempered for
10 minutes and the final sample tempered for 24 hours.
However, it was observed that samples isothermally
tempered for 24 hours were more easily etched than
samples tempered for only 10 minutes.
In order to explain the hardness decrease, it will be

necessary to isolate all governing factors by careful
characterization. We assume that the following factors
should contribute to the hardness (strength) of the

Fig. 3—Dilatometry curves for the imposed bainitic heat treatment. (a) The austenitization time is 20 min followed by rapid cooling and
isothermal holding for 1 h at 300 �C. 95 pct of the maximum elongation is reached after 350 seconds and 99 pct is reached after 499 seconds. (b)
The elongation for heating and austenitization directly followed by quenching to determine the MS temperature.
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material: grain boundary strengthening, precipitation
strengthening, dislocation strengthening, and solid solu-
tion strengthening.

A. Grain Boundary Strengthening

In bainite, grain boundary strengthening is related to
the plate and packet size of the bainitic ferrite since their
boundaries are possible obstacles for dislocation move-
ment and the mean free path of the dislocations
determines the strengthening effect. In the EBSD micro-
graphs using inverse pole figure (IPF) coloring,
Figure 6, the packets, which are separated by high-angle
boundaries, are clearly seen by the difference of color.
However, the smaller plates, separated by lower angle
misorientations, within the packets cannot be distin-
guished. The mean free path for dislocations is evalu-
ated as the mean size of packets, i.e., mean distance
between high-angle boundaries. This evaluation was
performed by analyzing the mean distance between
high-angle boundaries considering different misorienta-
tion angle criteria. The results from this analysis are
presented in Figure 7 for misorientation angle threshold
varied from 2 to 20 deg. The plates, on the other hand,
are aligned parallel to each other and build up the
packets, as shown in Figure 1. The boundaries between
the plates have much lower misorientation angles and
these are more difficult to detect using EBSD, both

because of the low misorientation but also because of
their smaller size approaching the resolution limit of the
measurements. The bainite plate thickness were there-
fore measured using BSE images and are summarized in
Table II.
From the microstructural analyses, it may be con-

cluded that the changes in plate and packet thickness
during tempering are negligible as presented in Figure 7
and Table II and could thus not explain the observed
softening. It should be noted though that high-angle
boundaries, as between packets, should be the main
obstacle to dislocation movement, while low-angle
boundaries, as those between plates, will pose a much
smaller obstacle and the dislocations may pass through
them with relative ease, according to the literature.[25–27]

It should be emphasized that if films of austenite
separate the plates they are likely to be more important
obstacles to dislocation movements. Here, retained
austenite was not observed between plates, as further
discussed in Section III–B.
The prior austenite grain size is assumed to be

constant, since it is only affected by the austenitization
step, which was the same for all samples and, hence, its
effect on packet and plate size can be neglected.

B. Softening Due to Retained Austenite

As previously mentioned, retained austenite has often
been attributed a significant contribution to the soften-
ing of bainitic steels. In the material investigated in this
work, the retained austenite content is very low and
difficult to detect using LOM and SEM. Nonetheless,
even if the content is low it could have an effect
depending on how it is distributed, e.g., if it is in the
plate boundaries and is therefore analyzed.
Only one austenite peak could be identified from the

XRD measurement indicating that there is only a very
small amount present. The uncertainty in the measure-
ments is thus high and close to the amount detected.
Thus, no value can be given with certainty. It was also
noted that the peak broadening in the 10-minute sample
makes it harder to separate the peak from the back-
ground than the peak measured in the 24-hour sample.
In both samples, the retained austenite was estimated to
be around 1 to 3 pct and no statistical difference

Fig. 4—Hardness as function of heat treatment time at 300 �C, note
the broken x-axis before the last time of 1440 min (24 h).

Fig. 5—SEM micrographs after isothermal heat treatment at 300 �C for 10 min, (a) and 24 h, (b). Both samples were etched with picric acid.
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between them could be determined. In addition to the
XRD data, the phase distribution was determined using
EBSD as shown in the phase map in Figure 8, indicating
that the retained austenite is located at the high-angle
boundaries between the packets.

The width and location of the austenite was further
studied with TEM in the 10-minute sample, see
Figure 9. The thickness of the austenite films is esti-
mated to be in the range 5 to 20 nm and the total
amount observed is very low, and in reasonable agree-
ment with the XRD and EBSD. No austenite could be
detected between the plates. This strengthens the con-
clusion above that the plates will pose a minimal
obstacle to the movement of the dislocations. The
TEM results also show that the thickness of the
austenite film is less than the resolution of the EBSD
measurements ~50 nm. Therefore, the phase fraction of
austenite that was obtained from EBSD is highly
uncertain and will not be considered further. By
combining the different methods, it can be concluded
that the total amount of retained austenite is limited to a
maximum of a few percent in both samples and is
located in the high-angle boundaries. It can thus be
concluded that the austenite only could have a limited
effect on the overall softening of the material.

C. Precipitation Strengthening

Due to the large amount of cementite in the material,
coarsening or spheroidization of the cementite during
tempering would lower the hardness and is an important
factor to consider.
STEM was conducted on carbon extraction replicas

to determine the size of the cementite. Several hundreds
of particles were measured and the result is presented in
Table III. The standard deviation of the mean size in the
measurements is large due to the large size distribution
presented in Figure 10. Some variation is observed
between 10 minutes and 24 hours but the differences are
too small to confirm coarsening. The particle diameter,
d, was calculated as an average from both the measured
length and width of each particle. DICTRA simulations
were performed showing that coarsening of the cemen-
tite is negligible after 24 hours at 300 �C, in agreement
with the STEM measurement. Both simulation and
experiments show that changes in size and shape of the
cementite particles cannot be excluded but are very
small and thus the corresponding change in hardness is
most likely negligible in comparison to other effects.
Micrometer-sized niobium carbides were detected in

LOM and SEM and nanometer-sized niobium carbides
on carbon replicas were detected in TEM. Most of the
nano-sized niobium carbides were in the size range 3 to
9 nm. However, neither simulations using DICTRA or
TC-Prisma nor experimental results indicate any coars-
ening after tempering at 300 �C and the same size of the
niobium carbides was also detected in carbon replicas
from the as-received material indicating that they are
fairly stable through the whole process. Furthermore,
equilibrium calculations using Thermo-Calc showed
that the dissolution of the niobium carbides mainly
takes place between 1000 �C and 1280 �C where 95 pct
is dissolved. Considering that an austenitization tem-
perature of 880 �C is used in this work, only a very small
fraction of the niobium carbides will be dissolved and
thus precipitation of niobium carbides will be limited
and the contribution to the change in hardness at 300 �C
should be negligible. It could also be noted that the total
amount of niobium carbides is very low due to the low
niobium content in the alloy.

Fig. 6—EBSD micrographs using IPF coloring after heat treatment at 300 �C for 10 min, (a) and 24 h, (b).

Fig. 7—Mean free path between the packets as a function of the
misorientation angle chosen for the analysis after heat treatment at
300 �C for 10 min and 24 h, respectively.
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D. Solid Solution Strengthening

Solid solution strengthening is a result of both
interstitially and substitutionally dissolved alloying ele-
ments and a redistribution during tempering could have
an impact on the hardness.

1. Substitutional alloying elements
DICTRA calculations show that the approximate

diffusion distance at 300 �C for substitutional alloying
elements is so short that it for times considered here
could be described as a frozen-in condition, even when
considering the higher mobility in grain boundaries and

Table II. Measured Plate Thickness After 10 min and 24 h

Sample Number of Grains Measured Total Number of Images Measured Thickness [nm] t [nm], from Eq. [1]

10 min 321 48 104±33 66
24 h 355 40 101±24 64

Error margin (±) is the calculated standard deviation.

Fig. 8—Phase fractions from EBSD data (a, b) and the corresponding area from the IPF maps (c, d). It can be seen that the austenite (red) is
located in the high-angle boundaries of ferrite (blue). For color images, the reader is referred to the web version of the paper (Color
figure online).

Fig. 9—TEM images of sample heat treated at 300 �C for 10 min confirming the presence of austenite in the high-angle boundaries. The left
image is a bright-field TEM image where different crystallographic orientations of the ferrite and defects give rise to diffraction contrast, the
middle is the same area in dark field, and the right image is a zoom-in at the arrow. No films could be detected in the low-angle boundaries
between the bainitic plates.
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interfaces. The temperature has to be increased to above
400 �C before grain boundary and interface diffusion of
substitutional elements could be of importance. APT
results presented in Figure 11 support the calculations
as no clustering of the substitutional elements can be
observed. This is also supported by experimental data
from the literature at similar temperatures.[28–32]

2. Interstitial alloying elements
The carbon content in the austenite was measured

using XRD and was evaluated using Eq. [3]. It is very
high as presented in Table IV, but in line with obser-
vations in the literature using APT measurements on
thin-film austenite where it is shown that the carbon
content tends to be higher in thin austenitic films than in
blocky austenite.[33–37] Thus, given the thin thickness of
the retained austenite films in the current work, see

Figure 9, and the demonstrated stability during the
quenching and isothermal tempering, the values pre-
sented in Table IV seem reasonable. However, the error
is presumably larger than indicated by the standard
deviation due to the very small amount of austenite and
the fact that only three samples were measured for each
time; there are also additional uncertainties from the
equation itself. In this study, no peak splitting of the
austenite peaks could be observed; however, small
effects from residual stresses cannot be excluded. This
has frequently been observed in prior studies where the
peak corresponding to a higher carbon content has been
attributed to the thin-film austenite and the peak
corresponding to a lower carbon content peak to the
blocky austenite.[38–40] This is expected since no blocky
austenite was observed in the studied material.
Carbon within the bainitic ferrite could plausibly

account for parts of the strength in bainitic steels. Thus,
it is important to investigate if the content of carbon
differs between the 10-minute and 24-hour samples. The
location of the carbon is also important for the
evaluation, if it is dissolved in the matrix or if it is
bound to dislocations as Cottrell atmospheres. The
carbon content in the bainitic ferrite was determined
using both XRD and APT, where APT also indicates
the distribution of carbon. Equation [2] was used to
calculate the carbon content from the XRD results[16]

and is presented in Table IV. The results from the
10-minute and 24-hour samples are somewhat overlap-
ping and the difference in the average composition is less
than 0.05 wt pct.
There is a large spread in the APT measurements

presented in Figure 12 and Table IV but the result does
however indicate that there is a decrease of the carbon
content with increasing time. Comparing the APT
results for the 10-minute and 24-hour samples in
Figure 12, it can be seen that the 10-minute sample
has more clustered carbon atoms in the matrix than the
24-hour sample. These clusters could very well be
Cottrell atmospheres located at the vicinity of disloca-
tions. The clusters could also be a result of other defects
or small carbides or a combination of the above.
However, any clear conclusion regarding the carbon is
hard to make due to the very limited volume and
number of samples investigated. This also results in a
high standard deviation for both APT and XRD
measurements of the carbon content in the bainitic
ferrite. The observation from the APT, if assuming that
carbon is clustering at the vicinity of dislocations,
correlates well with the decrease in dislocation density
with increasing tempering time which is described in
more detail in the next section.
Thus, by combining the results from APT and XRD it

is indicated that carbon will have some effect on the
solid solution strengthening. Further, since much of the
carbon in the ferrite probably is located in Cottrell
atmospheres, all carbon detected in the ferrite matrix
will not contribute to solid solution strengthening as if it
would have been randomly distributed in the matrix.
Both APT and XRD indicate that the amount of carbon
found in the ferrite matrix exceeds the equilibrium value
for the temperature in both samples.

Table III. Average Thickness and Length of Cementite

Particles from Carbon Replicas

Sample Number Length (nm) Width (nm) d (nm)

10 min 298 91±46 39±13 65
24 h 277 85±34 40±16 63

Fig. 10—Size distribution of the length of the cementite particles
measured. The data were fitted with a probability density function so
that both sets of data are comparable in the histogram.

Fig. 11—Elemental maps of different substitutional elements from
the APT measurement on the 24-h sample.
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It may further be assumed that the carbon in the
matrix is closely related to the dislocations and it is
therefore difficult to separate the contributions from the
two strengthening mechanisms.[10]

E. Effect of Dislocations and Internal Stresses
on Hardness

The dislocation density is calculated from XRD data
and plotted as function of isothermal heat treatment
time in Figure 13. It is evident that the dislocation
density decreases during the whole tempering time but at
a higher rate in the beginning. The initial value for the

10-minute sample seems to be rather high when com-
pared to results in the literature,[6,10,41,42] as presented in
Table V. However, for the longer heat treatment times
the dislocation density does not deviate as much from
the values reported in the literature. It should be
emphasized that other studies do not account for the
change over time after the materials have been fully
transformed to bainite as reported in this work; instead
one value at each temperature is reported. It is therefore
difficult to make a direct comparison since the isother-
mal transformation time evidently is an important
factor. The transformation times will also vary depend-
ing on alloy composition which is not always clearly
stated, e.g., bainitic steels containing high amount of Si
have a rather long heat treatment time to be fully
transformed. However, it is here shown a clear decrease
in dislocation density with tempering time which will
have an impact on the hardness.

IV. CONTRIBUTIONS TO HARDNESS
DECREASE

It has within this work been shown that the change in
hardness due to tempering could be strongly related to
the change in dislocation density. It is therefore of
interest to estimate the hardness decrease due to the
decrease in dislocation density to compare with the
experimentally observed decrease in hardness. There are
several values and equations[8,12,43] in the literature to
estimate the strength contribution rd due to disloca-
tions. Bhadeshia[12] suggested

rd ¼� 7:34q1=2d ; ½8�

where qd is the dislocation density, and this equation
will be used here. The standard DIN 50150 was used to
convert the calculated strength contribution from dislo-
cation density into a hardness value. The calculated
hardness contribution is compared with the measured
loss in hardness in Figure 14. By plotting the total
hardness on the left y-axis and the calculated hardness
from the dislocations density on the right y-axis using
the same scale of both y-axes, a direct comparison can
be made between the two curves and a good correlation
is shown.
When considering all the different possible contribu-

tions to the loss in hardness, it is clear that there is a
more significant effect from the dislocations compared

Table IV. Carbon Content in Bainitic Ferrite and Austenite

Average Carbon Content

Atom Probe Tomography X-ray Analysis

Ferrite Ferrite Austenite

At Pct Wt Pct At Pct Wt Pct At Pct Wt Pct

10 min 0.53 ± 0.31 0.12 ± 0.07 0.29 ± 0.23 0.065 ± 0.05 11.3 ± 0.57 2.66 ± 0.18
24 h 0.48 ± 0.13

0.20 ± 0.13
0.11 ± 0.03
0.04 ± 0.03

0.08 ± 0.14 0.017 ± 0.03 10.6 ± 0.19 2.49 ± 0.05

Fig. 12—APT elemental maps of carbon for samples heat treated for
10 min and 24 h at 300 �C. A few large cementite particles are seen
together with some minor enrichments, either at dislocations or very
small carbides.

Fig. 13—Dislocation densities calculated from the XRD data as
function of isothermal heat treatment time at 300 �C.

6478—VOLUME 51A, DECEMBER 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



to the other contributions discussed above. The theo-
retical estimate also shows that the decrease may
represent the total loss over time, see Figure 14. The
dislocation density may be overestimated at the start
due to other contributions affecting the FWHM used to
calculate the dislocation density. For example, Hutchin-
son et al.[44,45] have shown that peak broadening in
martensite also can be related to internal stresses and
not only to dislocation density. The same principles
could also be valid for bainite and could thus explain the
relatively high dislocation densities calculated in bainitic
steels.[44,45] However, the equations previously used to
estimate the dislocation density in bainite have not
taken other contributions, such as stresses, into account,
thus assuming that the changes in FWHM originate
from the dislocation density only. So in order to use
previously derived equations and make a fair compar-
ison of the amount of dislocations, the calculation in
this work has been conducted in the same way.

Contributions from other strengthening mechanisms
cannot be excluded and some contribution from the
carbon is expected as solid solution strengthening;

however, this contribution is hard to separate from the
contribution of the dislocations. The carbon in the
ferrite matrix could also presumably cause some
tetragonality of the bainitic ferrite, and this could have
an impact on the dislocation measurement; however,
this topic is a separate and still ongoing discus-
sion.[46–48] The other possible contributions presented
in this study can only contribute to minor changes in
the overall hardness decrease at longer times and
cannot explain the rapid hardness decrease at shorter
tempering times.

V. CONCLUSIONS

The microstructural evolution during tempering of
bainite in the present work can be summarized as
follows:

1. No or very limited change in the amount of retained
austenite occurred.

2. No redistribution of substitutional elements in the
bainite was observed. This is in accordance with
simulations and previously presented APT data in
the literature.

3. A decrease of the carbon content in the matrix was
indicated and it is assumed to be closely related to
dislocations where carbon is found as Cottrell
atmospheres initially.

4. No significant coarsening or spheroidization of
cementite or niobium carbides was observed. This is
in accordance with kinetic simulations.

5. No structural changes or coarsening on any hierar-
chic level of the bainitic ferrite structure could be
observed.

6. The dislocation density decreases over the whole
tempering time, but the change is most significant
during the first hour.

Table V. Dislocation Densities at Different Temperatures from This Work and Literature Data

Temperature (�C) Dislocation Density (m�2) Material Author

300 6.30 9 1015 EN 24 medium carbon Fondekar[41]

360 4.66 9 1015 EN 24 medium carbon Fondekar[41]

400 4.06 9 1015 EN 24 medium carbon Fondekar[41]

200 6.72 9 1015 0.80C, 1.59Si, 2.01Mn, 1Cr1.51Co Garcia-Mateo[10]

250 4.84 9 1015 0.80C, 1.59Si, 2.01Mn, 1Cr1.51Co Garcia-Mateo[10]

300 3.22 9 1015 0.80C, 1.59Si, 2.01Mn, 1Cr1.51Co Garcia-Mateo[10]

200 5.89 9 1015 0.79C, 1.56Si, 1.98Mn, 1.01Cr1.51Co, 1.01Al Garcia-Mateo[10]

250 4.84 9 1015 0.79C, 1.56Si, 1.98Mn, 1.01Cr1.51Co, 1.01Al Garcia-Mateo[10]

300 2.28 9 1015 0.79C, 1.56Si, 1.98Mn, 1.01Cr1.51Co, 1.01Al Garcia-Mateo[10]

10 min 300 1.35 9 1016 0.61C, 0.21Si, 0.36Mn, 0.9Ni, 0.10Cr this work
2 h 300 7.75 9 1015 0.61C, 0.21Si, 0.36Mn, 0.9Ni, 0.10Cr this work
10 h 300 6.23 9 1015 0.61C, 0.21Si, 0.36Mn, 0.9Ni, 0.10Cr this work
24 h 300 5.23 9 1015 0.61C, 0.21Si, 0.36Mn, 0.9Ni, 0.10Cr this work
300 7.41 9 1015 theoretical estimation Peet[6]

500 1.2 9 1014 0.25C, 2.07Mn, 0.021Al He[42]

400 6.5 9 1014 0.25C,2.07Mn, 0.021Al He[42]

400 1.0 9 1015 0.25C, 2.07Mn, 0.053Al He[42]

Fig. 14—Comparison of the measured hardness (left y-axis) and the
calculated hardness contribution from the dislocation density (right
y-axis). Note that the scale on the two y-axes has the same
increment.
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Theoretical estimations of the hardness contribution
from the dislocations indicate that it is large enough to
account for the observed decrease in hardness. Further
separating the contributions from the carbon in the matrix
and at dislocations was not possible in this work, since the
carbon is assumed to be in the vicinity of the dislocations
as Cottrell atmospheres, and thus the two effects are likely
intertwined. Since no other structural features show any
measurable change, it is concluded that the main cause of
the decrease in hardness during tempering should be
attributed to the decrease in dislocation density.
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