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A B S T R A C T   

The novel use of double austempering treatments in a multiphase steel to refine and homogenize the final 
microstructure and thus improve the material strength have been studied in the 3.3Mn-0.17C-1.6Al-0.23Mo- 
0.22Si alloy. The microstructural features developed after conventional isothermal austempering treatments at 
450 ◦C and 400 ◦C were compared with those obtained after two-step heat treatments. These treatments con
sisted of a first isothermal holding at a temperature slightly above the initial Ms, that was interrupted at 25 and 
50% of transformation, followed by a second stage treatment at a lower temperature to complete the bainitic 
transformation. One- and two-step treatments were performed in a high-resolution dilatometer, and the critical 
transformation temperatures and phase transformation kinetics were determined from the longitudinal changes 
recorded during these tests. It was shown that blocky-type austenite was almost completely eliminated after the 
two-step treatments, which in turn positively reduced the amount of fresh martensite from ~6 to «1%. It was 
possible to keep the volume fraction of retained austenite above 10%, while reducing both the thickness of the 
bainitic plates and the film-like retained austenite by 20% and more than 40%, respectively. These micro
structural characteristics made it possible to increase the hardness of the alloy by approximately 50 HV and yield 
strength by 180 MPa.   

1. Introduction 

Reduction of the thickness of the bainitic plate is crucial to obtain 
improved mechanical properties of austempered steels, such as hardness 
and toughness [1]. The final thickness of the bainitic plate is mainly 
determined by factors such as yield strength and dislocation density of 
austenite, which limit the growth of the bainitic plate (resistance to 
interface motion), prior austenite grain size and the driving force of 
transformation (increased nucleation rate) [2,3]. All of them are 
controlled by chemical composition and temperature of austempering 
[4]. In general, the thickness of the bainite plate can be refined by 
carrying out the bainitic transformation at lower temperatures. The 
temperature cannot be reduced to much as the austempering region is 

limited by the start temperatures of bainitic (Bs) and martensitic (Ms) 
transformations. The most common approach to simultaneously reduce 
the Bs and Ms temperatures is to increase the mean carbon concentration 
in the bulk material. However, a high content of this element leads to 
lower toughness [5] and causes weldability problems [6,7]. On the other 
hand, the disadvantage of using a low-temperature bainite trans
formation temperature is the very long holding times needed to com
plete the process. 

Bainitic steels present two basic morphologies of austenite: carbon- 
enriched nanometric films located between individual plates of bai
nitic ferrite, and coarser blocks in between unparallel bainitic sheaves 
and on grain boundaries [8]. The blocky grains in general show much 
lower thermal and mechanical stability as compared to the thin films 
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due to its lower carbon concentration, and tend to transform to 
martensite upon cooling after the bainitic heat treatment or after a small 
amount of plastic deformation [9,10]. The presence of hard and brittle 
martensite can diminish the overall properties of the steel [11]. Sugi
moto et al. [12] reported that martensitic transformation of blocky RA 
grains during hole-punching of steel sheets deteriorates the 
stretch-flangeability. Hase et al. [13] showed that ductility properties 
and fracture toughness were improved by eliminating blocky-type 
austenite. Thus, additional arguments to reduce the bainite trans
formation temperature are an increase in the proportion of filmy 
retained austenite compared to blocky morphology [21] and an 
improvement in its stability due to the higher carbon concentration. Due 
to the enhanced stability and small size, film-like RA has much better 
input to the mechanical properties [14]. The work of Kim et al. [15] 
indicates that a change of the blocky morphology of austenite to 
film-like one increases formability of sheet edges in punching processes. 

The austempering process below the Ms temperature has been also 
investigated to reduce the thickness of bainitic plates and additionally 
accelerate the bainitic transformation [4,16,17]. The formation of 
martensite prior to bainite simultaneously increases the number of 
nucleation sites and the strength of the austenite, resulting in finer 
bainitic plates. Furthermore, a lower isothermal holding temperature 
causes a higher driving force, which also influences the thickness of the 
bainite that is produced. However, the martensite formed prior to 
isothermal holding tends to be coarse [4,18], which can lead to weak
ening of the structure. Tian et al. [4] showed the downward trend in 
properties along with a decrease in the austempering temperature below 
Ms due to the increasing fraction and size of the tempered martensite. 

Recent efforts by some scientists have been directed towards 
applying double or multi-austempering treatment to refine the final 
microstructure. These treatments consisted of a first austempering step 
at a temperature above the initial bulk Ms, followed by the decompo
sition of carbon-enriched austenite to bainite at a lower transformation 
temperature in every next stage of austempering. Soliman et al. [19] 
have shown that two-stage austenitic quenching leads to significant 
refinement of bainitic plates and more stable retained austenite and thus 
increased strength properties of a 0.26 wt% C steel. Wang et al. [8] and 
Mousalou et al. [20] reported that multi-step isothermal treatment is a 
useful method to decrease the thickness of bainitic plates and lower the 
amount of austenite blocks in medium carbon TRIP-aided bainitic steels. 
They reported that this microstructure is accompanied by mechanical 
properties superior to those obtained after a conventional bainitic 
transformation. 

However, there is no comprehensive analysis of the impact of dou
ble- or multi-austempering treatments on the microstructure – proper
ties relationship of the latest generation of AHSS steels. Until now, 
research on these treatments has focused on conventional TRIP-aided 
steels containing Si and a carbon content greater than 0.25 wt% [8, 
19–22]. This combination allows for austempering at very low tem
peratures, but at the cost of poor weldability [6], deteriorated galvani
zation ability [23] and long process time. In this work, the double 
austempering is applied as a novel approach to the Al-rich 3.3 Mn steel. 
Medium-Mn steels generally contain less than 0.2 wt% of carbon [24], 
while their higher concentration of Mn guarantees additional stabiliza
tion of the retained austenite and a decrease in the Ms temperature. On 
the other hand, replacement of Si by Al can be used simultaneously to 
prevent cementite precipitation and accelerate bainitic transformation 
[23,25]. Such chemical composition design allows to avoid the tech
nological problems mentioned earlier, so properly heat-treated 3–5% 
Mn steels are an excellent candidate for high-strength automotive 
components. The aim of the work is to clarify the susceptibility of these 
Al-rich 3Mn steel to double austempering and investigate the possibility 
to refine and modify the microstructure morphology, improve the sta
bilization of RA, and finally improve the mechanical properties by the 
proposed method in comparison to conventional single heat-treated 
steels. 

2. Material and methods 

2.1. Material and processing variants selection 

A 3.3 wt% Mn, 0.17 wt% C, 1.6 wt% Al, 0.23 wt% Mo and 0.22 wt% 
Si steel has been used for the investigation. The carbon concentration is 
maintained at a relatively low level to improve the weldability, and the 
RA stability is supported by increased Mn addition. After casting, the 
material was subjected to a thermomechanical processing consisting of 
forging in the temperature range of 1200 ◦C–900 ◦C followed by hot 
rolling in 5 passes at temperatures ranging from 1100 ◦C to 750 ◦C to 
obtain the final strip with a thickness of 4.5 mm. Cylindrical samples 
with 4 mm diameter and 10 mm length were cut from the final sheet 
along the rolling direction for the dilatometric investigations. The heat 
treatments have been conducted using a BAHR DIL 805 A/D dilatom
eter. This equipment uses an induction coil for heating, helium for 
cooling while the temperature is controlled by a K-type thermocouple 
welded to the central part of the sample. The longitudinal length 
changes were measured via a Linear Variable Differential Transducer 
(LVDT), using fused silica pushrods. The dilatometry data was analyzed 
according to ASTM A1033-04 [26]. The beginning of the phase trans
formation was determined as the point where the dilatation curve de
viates from the straight line [27]. 

All heat treatments started with a first austenitization step at 1100 ◦C 
for 5 min. After austenitization, a sample was quenched at a cooling rate 
of 60 ◦C/s and from this test the bulk Ms was determined as 434 ◦C 
(Fig. 1). The first austempering at 450 ◦C was performed to record the 
bainitic transformation kinetics slightly above Ms (Fig. 1). The bainite 
formation results is the sample expansion – an increase in relative 
change in length (RCL) in dilatometric diagrams. When the dilatometric 
curve reaches the plateau, the transformation is considered as completed 
[28] and the recorded sample expansion is considered as 100% of 
possible bainitic transformation at a given temperature. However, it is 
not equivalent to transformation of 100% austenite. The bainitic trans
formation in steels containing Si and/or Al is accompanied by carbon 
diffusion from newly formed bainite to remaining austenite. When the 
austenite reaches some certain level of carbon enrichment the trans
formation is stopped, as the austenite is too stable for further trans
formation. By dilatometric measurement it was concluded that after 10 
min the transformation at 450 ◦C reached this point. Based on the re
sults, the single isothermal austempering treatments for 10 min have 
been performed at a temperature slightly above and another below the 
initial bulk Ms (450 and 400 ◦C, respectively). The samples developed 
after these reference treatments were called: 450C and 400C. The first 
austempering allowed to calculate the sample expansion related to 
complete transformation at 450 ◦C. Hence, the times related to the given 

Fig. 1. Ms changes with increasing degree of bainitic transformation at 450 ◦C; 
RCL - relative change in length. 

A. Skowronek et al.                                                                                                                                                                                                                            

astm:A1033


Materials Science & Engineering A 853 (2022) 143743

3

% of transformation (% of the sample expansion during the complete 
transformation) were computable. To record the changes in austenite 
stability (Ms temperature), several heat treatments (Fig. 1) were per
formed at a given % of transformation completion, followed by cooling 
to room temperature at the rate of 60 ◦C/s. It was concluded that 25 and 
50% of bainitic transformation at 450 ◦C (which takes 105 and 140 s 
respectively), provides sufficient reduction in Ms temperature (Fig. 1) 
for the second austempering step. As shown in Fig. 2, double aus
tempering treatments consisted of a first austempering step at 450 ◦C 
until the transformation of 25 or 50% of the austenite, followed by an 
isothermal treatment at 400 ◦C until completing 10 min of total treat
ment (samples called: 25dbl and 50dbl, respectively). The cooling rate to 
the austempering temperature (or to the first step of the treatments) was 
60 ◦C/s for all samples, to the second austempering step was 10 ◦C/s, 
and final cooling rate to room temperature after the treatments (RT) was 
1 ◦C/s. 

2.2. Microstructure characterization 

After dilatometric tests, metallographic samples were cut perpen
dicular to the length and prepared using standard procedures that 
involved grinding with SiC papers up to 2000 grit, polishing with 3 and 
1 μm diamond paste, and a final step that included a triple etching (nital) 
and polishing cycle before polishing with colloidal silica suspension 
(0.04 μm) for 20 min. This process ensured both a free-deformation 
surface and a sharp definition of the different microstructural constitu
ents after etching with Nital or Klemm’s solutions. Observation of the 
microstructural features was performed using light (LM) and scanning 
electron microscopy (SEM) using Zeiss AxioObserver and a FEG-SEM, 
JEOL Ltd microscopes, respectively. 

The volume fraction of RA was determined from the X-ray diffraction 
patterns recorded with Co-Kα radiation in a Bruker D8 Advance 
diffractometer working at 40 KV and 30 mA and equipped with a Goebel 
mirror and a LynxEye Linear Position Sensitive Detector. Conventional 
θ–2θ scans were performed over a 2θ range of 45–135◦ with a step size of 
0.01◦. The diffraction patterns were refined using the 4.2 version of the 
TOPAS Rietveld analysis program (Bruker AXS) and the crystallographic 
information of bainite and austenite for phase quantification, as well as 
for the determination of lattice parameter αγ. For this analysis, the 
instrumental functions were empirically parameterized using the 
diffraction pattern of a corundum sample. Based on the lattice param
eter, the carbon concentration in austenite has been calculated following 
the equation [28]: 

αγ = 3.556 + 0.0453xC + 0.00095xMn + 0.0056xAl (1)  

Where αγ is in Å, xC, xMn and xAl are elements concentration in austenite 
(wt.%) 

The electron backscatter diffraction (EBSD) technique was employed 

to obtain additional aspects of the microstructure. The samples used for 
this study were slightly etched using nital (<1 s) to generate a minimal 
relief of the surface to navigate along the microstructure, although this 
may slightly decrease the scan quality. The EBSD system was attached to 
a FEI Quanta FEG 450 SEM with field emission gun (FEG) filament. 
EBSD patterns were acquired at 20 kV accelerating voltage on the 
sample tilted 70◦ from the horizontal and a probe current of ~2.5 nA 
using a hexagonal scan grid with 60 nm spacing. At least three areas of 
40 × 40 μm2 were analyzed for each sample. The EBSD data obtained 
were processed using the OIM TSL data Analysis software v. 7.3.1. A 
two-step clean-up procedure was performed to remove the bad data 
point. For the first step, a grain confidence index (CI) standardization 
procedure was applied employing a grain tolerance angle of 5◦ and a 
minimum grain size greater than 2 pixels [29]. A second step was 
neighbour orientation correlation procedure which was applied using 
min CI = 0.1 and clean up level 3. Finally, all points with CI ≤ 0.1 have 
been removed from the orientation imaging microscopy (OIM) maps 
before the quantification procedures of the phases and the microstruc
tural constituents. As the fresh martensite contains higher density of 
lattice imperfections than bainite, it will present Kikuchi patterns, 
resulting in a lower image quality (IQ) [30,31]. Thus, in the color-coded 
phase maps, pixels characterized by a lower IQ averaged over the area of 
pre-defined grains were assigned to this phase. 

The apparent bainite plate (BPT) and film-like retained austenite (F- 
RAT) thickness were identified and quantified on the obtained high- 
resolution SEM images using ImageJ software. The following proced
ure established by Garcia-Mateo et al. [32] was used according to which 
at least 300 linear intersections were measured for different areas of 
each sample to determine the mean lineal intercept LT. This value was 
corrected to obtain the thickness, t, using the following relation [33]: 

LT =
πt
2

(2)  

2.3. Mechanical properties characterization 

The mechanical properties were investigated using hardness and 
uniaxial tensile tests. The Vickers’ hardness was measured using a 
microhardness tester FB-700 at a load of 9.81 N. Ten measurements for 
each sample were taken. Max and min values were excluded and the 
average hardness was calculated from the remaining 8 values. The 
uniaxial tensile tests were performed using ZWICK Z020 testing machine 
at a strain rate of 10− 3 s− 1. The tensile samples with a gauge length of 10 
mm and the cross-sectional dimensions of 3 × 3 mm were heat-treated 
with the same method (induction heating, vacuum, argon cooling) and 
applying parameters as in the case of dilatometric tests to ensure the 
consistency of the results. Since non-proportional samples with a high 
ratio of the cross-section to the gauge length show an overestimated 
total elongation (TEl), the uniform elongation (UEl) of the specimen was 

Fig. 2. The types of heat treatment performed for (a) single austempering and (b) double austempering.  
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used as a determinant of plasticity. 

3. Results 

3.1. Dilatometric investigations 

Fig. 3a presents the cooling curves corresponding to the thermal 
treatments shown in Fig. 2a. Since Ms is 434 ◦C, these curves show that 
part of the austenite has been transformed before starting the aus
tempering step only in the 400C sample. On the contrary, after the 
bainitic transformation, a part of the remaining austenite is able to 
transform during cooling to room temperature only in the 450C sample 
(Ms ~ 83 ◦C). Fig. 3b shows the relative change in length (RCL) during 
the isothermal treatment at the two temperatures used. It can be clearly 
seen that in both cases the bainitic transformation is complete after 10 
min. However, some differences are observed between the two curves 
represented in this figure, consisting of a reduction in both the incuba
tion time and the time required to complete 90% of the transformation 
(from 32 s to 7 s and from 316 s to 124 s, respectively) in the 400C 
sample. According to Guo et al. [34], the bainitic reaction is accelerated 
by the increases of the number of preferential nucleation sites, which are 
associated with the interfacial energy between preexisting martensite 
and austenite and the dislocations introduced into the austenite by the 
formation of martensite, and a larger driving force for the trans
formation [4,18]. 

A 10% lower RCL value for the 400C sample in comparison to sample 
450C after completion of the bainitic reaction can be observed in Fig. 3b. 
It has been reported elsewhere that, in general, the RCL value increases 
when the transformation temperature decreases due to the formation of 
a larger amount of bainitic ferrite [35]. However, Fig. 3a shows that 
some part of the austenite was already transformed into martensite 
before the beginning of the austempering treatment in the 400C sample. 
Therefore, a smaller fraction of bainite could be formed in this sample 
than in the 450C sample, and a lower value of the RCL was recorded 
consequently. The sum of the RLC caused by initial martensitic and 
subsequent bainitic transformation for sample 400C is ~0.46%. This 
exceeds the value for the sample 450C (~0.44%), which is in agreement 
with the literature data [35]. In the first part of the transformation 
(Fig. 3b, blue arrow), an inhomogeneous transformation is recorded for 

both samples, which may be associated with microsegregation to which 
medium manganese steels are susceptible. This phenomenon is highly 
reduced in the case of sample 400C, where prior martensitic trans
formation occurred. The issue of microsegregation is addressed in the 
discussion chapter. 

Fig. 3c presents the cooling curves for the two-step austempering 
treatments shown in Fig. 2b. In this case, no martensitic transformation 
during cooling was recorded in any of the treatment stages. This in
dicates that martensitic transformation was prevented for both samples 
by an increase of the carbon content of the RA during the austempering 
steps. A slightly higher total RCL for the 25dbl than for 50dbl samples 
(0.51 and 0.47, respectively) was recorded, as observed in Fig. 3d. The 
differences in RCL values included in Fig. 3d, indicate that more bainite 
has been formed for the two-step austempering treatments than in a 
single step process at 450 ◦C due to the lower temperature used for the 
second step, which is in agreement with the results reported in the 
literature [35]. The sum of RCL related to martensitic and bainitic 
transformation for sample 400C is lower than the values for double 
austempered samples. However, it can be explained by the martensite 
tempering process in sample 400C, which takes place during the 
isothermal holding step. The carbide precipitation leads to slight sample 
contraction and a decrease in its total RCL value [36]. 

3.2. Microstructural characterization 

Dilatometric results have been correlated with the microstructure 
developed after the thermal treatments. Fig. 4 presents OM micrographs 
for the 450C, 400C and 50dbl samples after etching with Klemm’s re
agent. This etching solution colors fresh and tempered martensite and 
bainite, but not cementite or retained austenite. As shown in Fig. 4a, the 
microstructure of the 450C sample contains blue-colored needles of 
bainitic ferrite as major constituent, shiny white islands (blocky-type) 
and films of RA, and a minor amount of brown isolated islands of un
tempered – fresh martensite. 

According to its dilatometric curve, the 400C sample should include 
tempered martensite and retained austenite together with bainitic 
ferrite. Since the amount of carbon in solution in bainite and tempered 
martensite is similar, the color developed by these two phases varies 
only slightly. In this case, these two phases were identified considering 

Fig. 3. The dilatometric curves of samples 450C and 400C: (a) cooling; (b) austempering; and samples 25dbl and 50dbl: (c) cooling; (d) double austempering; C-RCL 
- corrected relative change in length; dashed lines in (c) and (d) represent results for the 450C sample. 
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the differences in size and shape between the colored microstructural 
constituents. As shown in Fig. 4b, sample 400C presents thin units of 
acicular shape that are aligned parallel with each other along with 
bigger elongated features with lath-shaped morphology, which corre
spond to bainitic ferrite and tempered martensite, respectively. Ac
cording to image analysis of few regions, the fraction of tempered 
martensite amounts ~11%. It can also be seen that the RA fraction of 
blocky morphology has been significantly reduced compared to the 

450C sample. 
Finally, the microstructure presents after double step austempering 

(Fig. 4c) only included a mixture of bainitic ferrite and retained 
austenite mainly of film-like morphology. As shown in Fig. 4c for the 
50dbl sample the biggest differences between this microstructure and 
the previous ones are a lack of fresh/tempered martensite and the 
presence of two colonies of bainitic sheaves characterized by different 
average plate thicknesses; the thickest ones formed at 450 ◦C while the 

Fig. 4. LM images of samples (a) 450C; (b) 400C; and (c) 50dbl after Klemm’s etching; B-RA – bainitic – austenitic regions; B’ – refined bainite; MT – tempered 
martensite; MF – fresh martensite; RAB – blocky type retained austenite. 

Fig. 5. SEM images (a, c, e) and EBSD maps (b, d, f) of samples 450C, 400C and 50dbl, respectively.  
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thinnest ones formed during the second step at 400 ◦C. 
Fig. 5 shows the SEM micrographs and the gray-scale image quality 

map combined with the phase map of the 450C, 400C and 50dbl sam
ples. In the images constructed from the EBSD data, the austenite phase 
appears in blue, bainite and tempered martensite are in yellow, whereas 
darker areas indicate poor quality patterns, which were identified as 
martensite in Fig. 5b for the 450C sample. Although EBSD analysis was 
very useful to distinguish between martensite and ferrite considering the 
high dislocation density of martensite, this technique is not capable of 
resolving austenite films with dimensions smaller than 50–70 nm. As the 
austenite films present in the samples shown in Fig. 5b, d, and f are much 
smaller (Fig. 6), neighboring bainite sheaves may produce interference 
of their diffraction patterns leading to low IQ at these points, and almost 
only blocky austenite can be seen in these figures. A large discrepancy 
between the austenite volume fractions measured by EBSD versus XRD 
was found since the larger amount of retained austenite has a film 
morphology in these samples. 

The 400C sample contains lath-shaped structures with boundaries of 
wavy shape and ledge-like protrusion. These features correspond to a 
martensitic structure formed during cooling to 400 ◦C. As the solubility 
of carbon at this temperature is very small in the quenched-in 
martensite, carbon will leave the martensite during the isothermal 
treatment and carbides will precipitate. As seen in Fig. 5c, tempered 
martensite includes an abundant presence of nanosized carbides. On the 
other hand, Fig. 5d show a thin retained austenite layer at the tempered 
martensite boundary. Kwiatkowski da Silva et al. [37] have reported 
that both carbon and Mn segregate to dislocations and grain boundaries 
during tempering of a medium-Mn steel at 450 ◦C. Thus, during the 
isothermal holding at 400 ◦C, the martensite phase boundaries will be 
enriched in C and Mn, promoting retention of RA films. 

Comparing the microstructures presented in Fig. 5, it was again 
verified that the reduction of the bainitic transformation temperature 
leads to a reduction in the thickness of the structural components. The 
clear decrease in the thickness of bainite is visible with an increasing 
fraction of the low-temperature bainite. The plate thickness distribution 
diagrams visible in Fig. 6 indicate the clear peaks for bainite formed at 
both temperatures. As the EBSD method was not capable of resolving 
thin austenite films, their thickness was measured using high resolution 
SEM images. Between the samples austempered at 450 ◦C and 400 ◦C 
there is ~25% reduction of average plate thickness. In samples 25dbl 
(188 nm) and 50dbl (205 nm) in relation to the 450C sample (235 nm) 
the BPT is reduced by 20% and 14%, respectively. The distribution of 
film-like RA thickness shows evident domination of RA formed at the 
lower temperature. The reduction in mean film thickness compared to 

the 450C sample is 38, 42 and 53% for the samples 50dbl, 25dbl and 
400C, respectively. The wide distribution of F-RAT for the 450C sample 
(much different from the remaining samples) indicates the formation of 
austenite of very various thicknesses in the later stages of the bainite 
transformation at higher temperature. 

The theoretical average thickness of the bainite after double 
tempering, LTdbl, has been calculated using a simplified formula that 
considers the average value of the thicknesses measured in the 450C and 
400C samples, LT1 and LT2, respectively: 

LTdbl ∼ %T1 ×LT1 + %T2 × LT2 (3) 

The calculated thickness of bainitic plates for samples 25dbl and 
50dbl are 192 and 206 nm, which is in good agreement with experi
mental results shown in Fig. 6. 

The frequency distributions of misorientations angles obtained for 
the bainitic ferrite in the 450C, 400C and 50dbl samples are very similar, 
as shown in Fig. 7. As the bainitic ferrite microstructure includes packets 
of parallel ferritic laths with slight relative misorientations, the peak 
below 7◦ was associated with the bainitic ferrite lath boundaries. While 
the proportion of low-angle boundaries found in the 400C and 50dbl 
samples is almost the same, a higher proportion for the 450C sample was 
observed. It is a consequence of an additional influence of fresh 
martensite nucleated within the austenite during cooling to room tem
perature. The fresh martensite generates strain and thus increases 
dislocation density, which rises a fraction of low angle misorientation as 
reported elsewhere [38]. Fine parallel bainitic ferrite plates with small 
misorientation are grouped in packets. These packets are mostly sepa
rated by high angle boundaries with misorientations ranging between 
50 and 65◦, which is related to the Kurdjumov-Sachs orientation rela
tionship with the parent austenite grain from which they have nucleated 
[39]. The increased number of boundaries observed in this range for the 
400C and 50dbl samples is thought to be due to the lower temperature 
used to complete the bainitic reaction, since lower isothermal temper
ature led to structural refinement and to smaller bainite packets. Beside 

Fig. 6. Apparent bainite plate (BPT) and film-like retained austenite (F-RAT) 
thickness distribution changes with increasing proportion of refined bainite; the 
mean values are also indicated. The measurements only included regular film- 
like RA; blocky-like RA whereas films surrounding the tempered martensite 
grains were not taken into account. 

Fig. 7. Changes of misorientation angle between grains with increasing pro
portion of refined bainite. 
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these two peaks, it can be seen also in Fig. 7 that the presence of another 
peak corresponding to grains delimited by ~45◦ boundaries. Verbeken 
et al. [40] reported that these angles correspond to the α/γ boundaries. 
In all samples the frequency of such misorientation related to the 
retained austenite occurrence is similar. 

The values of the RA fraction present in the four samples analyzed 
and its carbon content are shown in Table 1. As pointed out before, it can 
be observed a large discrepancy with values reported in this table and 
the low area fraction observed in the EBSD maps of Fig. 5 because of the 
limited resolution of EBSD. Although all samples included more than 
10% of RA, almost only austenitic grains of blocky morphology present 
in the 450C sample were detected on the phase maps. 

EBSD was almost unable to detect most of the retained austenite with 
film morphology present in these four samples. However, the combi
nation of image quality (IQ) and phase maps allowed obtaining detailed 
information on the amount, location, and distribution of the fresh 
martensite formed during cooling to room temperature. Considering 
these maps and Table 1, it was concluded that a lower content of C 
present in the retained austenite of the 450C sample makes it possible to 
form 6% of fresh martensite during cooling to room temperature. On the 
other hand, the absence of fresh martensite (<1%) in the 400C, 25dbl 
and 50dbl samples deduced from the EBSD results, was related to the 
higher carbon content and film-like of RA in these samples (~1.20 wt%). 
Although the carbon content is similar in these three samples, the vol
ume fractions of retained austenite do not show a clear dependence with 
the use of single- or two-step heat treatments as it is affected by the 
tempering process occurring in the 400C sample. 

3.3. Mechanical behavior 

Fig. 8 presents the tensile curves of all samples investigated. The key 
values are summarized in Fig. 9c and correlated with the microstructure 
features (Fig. 9a) of corresponding samples. The ultimate tensile 
strength (UTS) of all samples is quite similar – it changes from 1060 MPa 
for the sample 450C to 1120 MPa for the sample 400C. UTS increases 
slightly with an increasing fraction of low temperature bainite. The 
significant difference is visible in a yield strength (YS) level. The sample 
austempered at 450 ◦C exhibits the lowest YS of 780 MPa. With 
increasing the fraction of low temperature bainite the YS value rises up 
to 960 MPa for sample 25dbl. However, for sample 400 C, the YS is only 
830 MPa. 

Similar relation as in YS occurs in hardness results which are pre
sented in Fig. 9b. The hardness increases from 323 HV10 to 377 HV10 
for samples 450C and 25dbl, respectively. However, its value is lower in 
case of sample 400C (354 HV10). The increase in strength and hardness 
of the material is generally related to the microstructure refinement, 
especially the reduction of the bainitic plates thickness [1]. Sample 400C 
despite the most refined bainite and austenite, contains also some 
fraction of coarse tempered martensite, which weakens the micro
structure [4,18]. Sample 450C exhibits the ultimate elongation (UEl) of 
13%, despite the presence of globular fresh martensite in the micro
structure, which is the highest value among all samples. It is caused by 
the coarser microstructure, lower YS, and relatively high proportion of 
RA. The sample 400C contains a similar fraction of this phase – which is 
mostly responsible for plastic properties. However, sample 400C 

exhibits lower plasticity (UEl – 11%) due to tempered martensite and 
more refined microstructure. The double treated samples exhibit the 
highest YS. However, it is at the price of lowest UEl of ~9%, which is 
caused by very fine microstructure and a lower RA fraction. 

4. Discussion 

4.1. Transformation kinetics and microsegregation 

Despite the increased addition of manganese in steel, which signifi
cantly delays the bainitic transformation [35,45,46], in all cases it is 
completed below 10 min. This is due to the large addition of Al in the 

Table 1 
Quantitative evaluation of microstructure: RA fraction; C concentration in RA; 
fresh and tempered martensite fraction for microstructures with different heat 
treatment.  

Sample RA, % EBSD RA, % XRD xC, wt, % (±0.12) MF, % MT, % 

450C 10.4 ± 1.8 14.7 ± 2 1.08 6.1 ± 0.8 – 
50dbl 6.7 ± 1.0 13.3 ± 2 1.20 <1 – 
25dbl 6.5 ± 1.1 10.0 ± 2 1.21 <1 – 
400C 7.2 ± 1.2 14.3 ± 2 1.22 <1 11 ± 3  

Fig. 8. Uniaxial tensile test results for investigated heat treatments.  

Fig. 9. Mechanical properties change accompanying the microstructural 
changes; (a) phase composition and thickness of microstructural constituents; 
(b) hardness; (c) summarized tensile test results. 
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steel (1.6 wt%). Al in bainitic TRIP-aided steels is basically added to 
reduce the harmful effect of carbides on RA stabilization [5,47]. How
ever, Al is also a strong α phase stabilizer, which increases the driving 
force for bainitic transformation and therefore accelerates the trans
formation time itself [48,49]. The tested steel, despite the increased 
content of manganese, balances its slowing effect on the bainitic trans
formation with the addition of aluminum, which allows for a significant 
reduction in heat treatment time. The obvious advantages of 
medium-Mn steels in terms of RA stabilization, however, may be asso
ciated with some problems - microsegregation, to which these steels are 
susceptible [41,42]: (i) grain boundary segregation and (ii) segregation 
banding [41]. The areas containing a lower content of Mn undergo the 
transformation faster due to the increased kinetics compared to the alloy 
with a bulk chemical composition [43]). 

The dilatometric curves of the austempered steels indicate such an 
inhomogeneous transformation (Fig. 3b). Some areas of the sample 
undergo transformation faster than others, which is illustrated by a 
distorted shape of the curve. This phenomenon is confirmed by its high 
reduction in the case of sample 400C, which indicates that the areas less 
enriched in chemical elements undergo the transformation as first – 
during initial martensitic transformation. Previous tests of analyzed 
steel at the casting and forging stage confirmed the presence of micro
segregation [44,45], which has been significantly limited by soaking 
and thermomechanical processing (forging and hot rolling). However, 
the current results confirm that it has not been completely eliminated. 

The influence of microsegregation on the transformation kinetics is 
also clearly visible in the results of Ms at different degrees of bainitic 
transformation. The decrease in Ms temperature (Fig. 1) is the strongest 
in the first 10% of the bainite transformation (~44 ◦C). Usually, stronger 
stabilization is expected to occur in the late or final stage of the trans
formation, where the distances between the adjacent sheaves of bainite 
shorten the diffusion path through the fragmentation of the post- 
austenite and the greater carbon enrichment of the austenite. Close-up 
of the quenching curve (Fig. 10) shows that the martensitic trans
formation of the tested material does not start globally (which would be 
represented by a sudden increase in elongation [46]) but gradually. In 
the first stage, austenitic areas with a lower manganese content, which 
are less stable, undergo transformation. This relationship allows for a 
significant reduction in Ms of the remaining part of austenite with a 
small degree of bainite transformation. This can be a way to improve the 
strength properties of steels exposed to the microsegregation 
phenomenon. 

To investigate the effect of microsegregation on the microstructure, 
samples quenched after 25 (25Q) and 50% (50Q) of bainitic trans
formation were used to investigate the evolution of bainitic trans
formation. LM images covering 1000 × 700 μm illustrate the mechanism 

of nucleation and growth of bainite (Fig. 11). 
Both microstructures are composed of RA-B islands (bright blue), and 

martensite (brown and navy blue) formed at high-temperature (MH). 
The nucleation of bainite seems to be homogeneous. Single regions 
poorer in bainite relative to the rest of the microstructure can be indi
cated (yellow ellipses). However, it may also be the result of the sto
chastic nature of bainite nucleation [1], as it is highly limited compared 
to the typical distribution of solute at the dendritic scale [47]. No 
privileged nucleation regions that may be associated with macro
segregation (bands) [42] were observed. 

4.2. Evolution of bainitic transformation 

It is interesting that 450C sample (Fig. 4a) exhibits a relatively high 
fraction of blocky-type RA and martensite, while in sample 25dbl and 
even 50dbl (Fig. 4c) it is strongly limited. The observations show that in 
the first stage of bainitic transformation (Fig. 11a), single sheaves con
sisting of a small number of connected bainite plates grow into the grain. 
Even after 50% of the bainitic transformation at 450 ◦C (Fig. 11b), the 
vast majority of the boundary of bainite sheaves is constituted by high- 
temperature martensite (former austenite). This means that the period 
of privileged formation of blocky-type RA grains at the boundaries of 
nonparallel bainitic sheaves occurs in the second half of transformation, 
when “gaps” in the bainitic + film-like RA microstructure are filled. It is 
also visible in the initial dilatometric results (Fig. 1). The Ms of high- 
temperature martensite decreases with the progress of the bainitic 
transformation (342 ◦C after 90%), and the martensitic transformation 
becomes less intense. The first is related to the slight stabilization of RA 
and the second is related to the decreasing fraction of high-temperature 
austenite. For 100% of possible bainite transformation at 450 ◦C, the 
martensitic transformation of high-temperature austenite does not 
occur, while the cooling curve records sample elongation corresponding 
to transformation of blocky type RA at ~83 ◦C (Fig. 3), what was 
revealed by microscopic observations (Figs. 4 and 5). 

Fig. 12 presents the characteristic with progress of the bainitic 
transformation at 450 ◦C. It combines the results from samples quenched 
after 25% (25Q) and 50% (50Q) of bainitic transformation and after its 
completion (450C). The overall fraction of RA in the microstructure 
increases during transformation (Fig. 12a). The strongest increase is 
visible in the first 50% (increase of ~10%) of transformation. Later, this 
value grows only by 4.6%. However, it should be noted that the 
microstructure of 450C sample contains ~6% of fresh martensite. 
Hence, it can be assumed that the total fraction of austenite immediately 
after bainitic transformation at 450 ◦C was ~20%. The amount of fresh 
martensite in the sample 50dbl is negligible (Table 1), which confirms 
earlier theory about period of blocky-type RA formation (Fig. 12a). It is 
reflected also in the average carbon concentration in austenite, which 
very slightly decreases with transformation (from 1.12 to 1.08%). The 
proportion of blocky, low-enriched RA grows with time of trans
formation, affecting the average concentration value. Second factor 
influencing C concentration may be the average RA film thickness, 
which rises significantly with progress of the transformation, as evi
denced by performed measurements (Fig. 12b). This increase results in a 
smaller proportion of the adjacent bainite per volume unit of austenite 
and thus its lower possible carbon enrichment. 

Changes in RA size is probably related to the increasing thickness of 
bainite. It grows continuously (Fig. 12b) with a progress of trans
formation from 212 nm after 25% up to 235 nm after the transformation 
completion. This phenomenon is consistent with the literature [48] and 
is caused by the changes in the yield strength of the austenite from which 
the bainite grows and the decrease in transformation rate (driving force 
for transformation) as transformation proceeds. Hardness decreases 
with a progress of transformation, which is obviously caused by a 
decrease in high temperature martensite fraction (Figs. 11 and 12). 

Fig. 10. The cooling curve of the quenched sample presenting the influence of 
microsegregation on martensitic transformation kinetics. 
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4.3. Double austempering 

All phenomena occurring in double austempering may be explained 
by T0 rule (Fig. 13). The T0 line limits the possible bainite fraction 
formed [1]. At 450 ◦C after transformation completion there are still 
coarse regions (Fig. 4a) of austenite in the microstructure which are too 
much enriched in C to undergo further bainitic transformation (crossed 
T0 line). However, they are not sufficiently stabilized to maintain the 
stability to room temperature, which results in martensitic trans
formation during cooling and weakening of the microstructure. The 
reduction of temperature to 400 ◦C expands the allowable carbon con
tent in austenite, which may transform into bainite, promoting extended 
transformation and thus RCL of the sample (Fig. 3d) (in case of sample 
400C limited by prior martensitic transformation). In case of double 
austempered samples both favorable mechanisms are combined. First 
transformation is performed at a temperature not threatened by the 
martensitic transformation, which allows to stabilize remaining 
austenite slightly (represented by Ms temperature reduction visible in 
Fig. 1). After the following temperature reduction, the bainitic trans
formation is completed in the extended way, which besides reduction of 
the film-like RA and bainitic plate thickness allows for transformation of 
pre-enriched austenitic regions [2,3]. It strongly reduces the possibility 
of retaining of blocky-type RA and thus possible fresh martensite for
mation [49]. The lack of brittle fresh or coarse tempered martensite in 
the microstructure improves its homogeneity and thus the mechanical 
properties of the steel [8]. The difference between UTS and YS depends 
on the RA fraction. This phase is responsible for the strain hardening. 
Therefore, in sample 450C despite the lowest YS, the UTS reached 
almost the level of sample 25dbl as the microstructure exhibits a higher 
fraction of low stable RA. It is interesting that the hardness of sample 
containing 50% high temperature martensite (380 HV10) is at the same 
level as sample 25dbl (377 HV10), composed in >75% of refined bainite. 
It shows that the reduction of the bainite plate thickness has a great 
impact on the overall properties of the alloy [8,21]. 

5. Conclusions 

The following conclusions were drawn from the detailed study per
formed on the 3.3Mn-0.17C-1.6Al-0.23Mo-0.22Si multiphase steel to 
investigate the microstructure-properties evolution:  

• The reduction of the bainite transformation temperature below the 
Ms (from 450 to 400 ◦C) allows to obtain a multiphase microstruc
ture, which is characterized by a decrease in the thickness of both the 
bainite plate and film-type retained austenite (25% and 53%, 
respectively). After this treatment the hardness increased by 31 HV, 
YS by 50 MPa, and a significant reduction of the amount of both 
blocky-type RA and brittle fresh martensite was obtained but at the 

Fig. 11. LM images (Klemm’s etching) of samples (a) 25Q and (b) 50Q; MH – high temperature martensite; B-RA – bainitic – austenitic regions; red ellipses indicate 
places with a reduced number of bainite plates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 12. Evolution of the microstructure with the progress of bainitic trans
formation at 450 ◦C; (a) fraction of RA and martensite and corresponding 
carbon concentration in RA; (b) evolution of hardness and thickness of bainite 
(BPT) and film-like retained austenite (F-RAT). 

Fig. 13. The application of the T0 rule in the case of double austempering; dx – 
fraction of bainite that can be formed. 
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cost of producing of a certain amount of tempered martensite in the 
microstructure.  

• The implementation of double austempering treatment consisting of 
austempering at 450 ◦C up to 25 and 50% transformation, followed 
by an isothermal treatment at 400 ◦C to complete the reaction, 
allowed almost entire removal of tempered martensite and blocky 
RA. Starting the transformation at a higher temperature also allowed 
for the elimination of tempered martensite in the microstructure.  

• The reduction in thickness of the bainite plate and the film-type 
retained austenite reached by double-austempering treatment is 
somewhat lower than that achieved in the isothermal treatment at 
400 ◦C (about 20–14 and 42-38%, respectively). However, the 
additional increase of the hardness (8 and 23 HV) and YS (70 and 
130 MPa) while maintaining over 8% of UEl associated to the 
microstructural refinement and absence of tempered martensite 
occurred.  

• The privileged formation of blocky-type RA in the second half of 
bainitic transformation at 450 ◦C was evidenced. Both bainite plate 
and film-like austenite thickness increases with bainitic trans
formation progress.  

• The increased content of Mn slows down the bainitic transformation 
kinetics. However, the replacement of Si by Al in the alloy allows 
counteracting this effect and completing the bainite transformation 
in less than 10 min. 
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