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EffEct of HEat trEatmEnt on microstructurE and mEcHanical ProPErtiEs of HigH-carbon  
and HigH-manganEsE cast stEEl subjEctEd to bainitic rEaction

The new cast steel with a chemical composition of Fe-(0.85-0.95)C-(1.50-1.60)si-(2.40-2.60)Mn-(1.0-1.2)Al-(0.30-0.40)-
Mo-(0.10-0.15)V-(1.0-1.1)Ni (all in wt.%) was investigated in aspect of formation of the multiphase microstructure leading to 
high strength and ductility. Two types of heat treatment technologies were developed. The first one involves softening annealing at 
a temperature of 650°C for 4 hours, heating up to 950°C and holding for 2 hours, and then fast cooling down to 200°C and isother-
mally treated for 2 hours. The second one involves homogenizing annealing at 1100°C for 6 hours, then cooling with furnace down 
to 950°C and holding for 2 hours, then fast cooling down to 200°C and isothermally treated for 2 hours. A unique microstructure 
of cast steel consisting of martensite and retained austenite plates of various thicknesses and volume fractions was obtained. Ad-
ditionally, nanometric transition carbides were noticed after the above-mentioned heat treatments. This microstructure ensures high 
hardness, strength and plasticity (Rm = 1426 MPa and A = 9.5%), respectively, due to the fact that TWiP/TRiP processes occur 
during deformation related to the high volume fraction of retained austenite, which the stacking fault energy is above 15 mj/m–2 
resulting from the chemical composition of the investigated cast steel.
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1. introduction

over the last decades, several studies have been focused on 
the development of new bainitic steels with a composition charac-
terized by an interesting combination of tensile strength, ductility, 
and impact toughness [1-3]. These new steels can reach ultimate 
tensile strength (uTs) levels around 2 GPa and total elongations 
above 20%. These steel grades, belonging to the 3rd generation 
of the advanced high-strength steels (Ahss), are characterised 
by a multiphase microstructure composed of carbide-free bainite 
with a significant volume fraction of stable carbon enriched 
retained austenite (RA) and martensite [4]. such microstruc-
ture is obtained after austempering treatments. it consists of an 
austenitizing stage followed by rapid quenching and isothermal 
holding in a hot bath at a temperature between the bainite start 
(Bs) and martensite start (Ms) temperatures for a predetermined 
interval of time [5-7]. According to the literature [8], carbide-free 
bainitic steels are promising materials also for applications in 
which high wear resistance is required. so far, the formation of 
this type of microstructure or nanostructured bainite in castings 

is very rarely presented in literature [9-12]. Therefore, there 
is a strong need to undertake this type of research, which may 
be a breakthrough in the foundry industry. in Ref. [9], authors 
attempted to obtain a nanostructured bainite in cast steel with 
a carbon content of 0.76 wt.% postulating that it is possible to 
select the optimal heat treatment to obtain a nanobainitic micro-
structure. The microstructure observed for selected temperatures 
of low-temperature isothermal annealing were identical to those 
occurring in wrought materials. however, there was differences 
in mechanical properties, probably caused by the inherent mi-
crosegregation characteristic of castings. Moreover, in terms of 
future industrial implementations of this type of cast steel, the 
annealing time was twice as long compared to the generally used 
one, but it did not lead to a significant improvement of mechani-
cal properties. Therefore, it can be concluded that another type 
of heat treatment is required to be used before low-temperature 
isothermal treatment. in the works [10,11], the authors attempted 
to determine the influence of dendritic microsegregation on the 
bainitic transformation in high-carbon steels with a high silicon 
content. A  heterogeneous  distribution of silicon, manganese 
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and chromium concentrations was found, related to dendritic 
microsegregation occurring during casting, which strongly af-
fects the final microstructure achieved after isothermal treatment 
at temperatures of 280, 330 and 380°C. Tensile strength tests 
showed that the ultra-fine microstructure obtained during iso-
thermal transformation at 280°C results in a strength of 1.8 GPa 
but with limited plasticity of approximately 2%. it is evident that 
one of the main reasons for the inappropriate balance between 
strength and plasticity in cast steels subjected to isothermal 
bainitic transformation is the occurrence of segregation of the 
chemical composition. Therefore, design work should be carried 
out towards both the modification of the chemical composition 
of cast steels and the casting followed by heat treatment technol-
ogy. Another interesting investigations on the microstructure and 
properties of cast steel subjected to isothermal heat treatment 
resulting in the formation of carbide-free nanobainite was pre-
sented in Ref. [12]. For four different isothermal treatment times 
at 250°C, 55, 75, 85 and 100% progress of bainitic transformation 
was obtained, respectively. it was also interesting that in samples 
with a bainitic transformation of 55 and 75%, the transformation 
of retained austenite into martensite occurred when cooling to 
room temperature. despite the obtaining of a nanobainitic mi-
crostructure in the castings similar to that in plastically processed 
steels, the authors also observed the occurrence of dendritic 
segregation and cementite precipitates related to the pearlite 
transformation. The softening treatment applied at a temperature 
of 680°C allowed for a partial reduction in segregation as a result 
of spheroidization of carbides, as well as a reduction in hardness, 
which allowed for an increase in the machinability of the tested 
cast steel. similarly to the works [9-11], the authors achieved 
high strength properties of the designed cast steels, but with low 
plasticity. it can be seen that, while maintaining an appropriate 
heat treatment regime and for selected cast steel compositions, 
it is possible to obtain a nanobainitic microstructure in the 
similar to that found in steels and with high strength values, but 
the improvement of their plasticity and elimination of dendritic 
segregation remain an unsolved problem. 

Therefore, this work continues research on modern cast 
steels characterized by multiphase microstructure what is still 
a major scientific and industrial challenge that is worth undertak-
ing in terms of future applications.

2. Experimental

The chemical composition of investigated cast steel was 
as follow: 0.85-0.95% C; 1.50-1.60% si; 2.40-2.60% Mn; 
 1.0-1.2% Al, 0.30-0.40% Mo; 0.10-0.15% V, 1.0-1.1% Ni (all 
in wt.%). The casting process of investigated cast steel was 
conducted using of the equipment of the production company. 
Therefore, one casting process concerned a cast steel weight of 
160 kg. The induction melted cast steel with 1560°C temperature 
was poured to the ceramic mould covered with 7-8 coatings of 
water binder having 960°C. Then mould was cooling down to 
the room temperature in tunnel furnace with the constant cool-

ing rate. it was assumed that the crystallization rate in industrial 
conditions is almost constant for a cross-section of the cast. The 
samples for investigations were taken out from the central part 
of the cast and prepared by the machining of parts of casts to 
the cylindrical shape with a diameter of Ø10 mm and a height 
of 100 mm. Before carrying out the appropriate heat treat-
ment, the samples were subjected to chemical analysis by the 
 Glow-discharge optical emission spectroscopy (GdoEs) using 
of Foundry Master Xpert 52 spectrometer. For each sample, two 
measurements at two opposite sides were performed to check 
their chemical homogeneity. An example of such analysis is 
presented in Fig. 1. This procedure allowed to ensure that all 
used samples in further investigations were characterised by 
identical chemical composition.

dilatometric analysis was used to determine the initial 
heat treatment parameters. during this research, a sample of 
the investigated cast steel with dimensions of 3×10 mm, in as-
delivered state, was heated to 1200°C with a rate of 0.05°C/s in 
the L78 R.i.T.A. dilatometer. While heating the samples, the rela-
tive elongation of the samples (ΔL/L0) was recorded as a function 
of temperature (T ). After differentiating this relationship, critical 
temperatures were determined. A similar test was performed for 
a sample that before heating to 1200°C was initially annealed at 
650°C. The critical temperatures determined in this way were:
– for the sample as delivered (after casting): Ac1s = 720°C, 

Ac1f = 745°C, Accm = 855°C,
– for the sample after annealing at 650°C: Ac1s = 705°C, 

Ac1f = 750°C, Accm = 855°C.
Based on these temperatures, it was possible to determine 

the target temperature for basic austenitization. Meanwhile, the 
temperature of isothermal holding in the bainitic transformation 
range was selected based on the knowledge of the Ms temperature 
(51°C), which was determined on the basis of simulations with 
the jMatPro software.

Taking into account a dilatometric analysis, jMatPro 
simulations, as well as the company’s capabilities and from the 
economic point of view, two different heat treatments leading 
to the achievement of outstanding properties of the investigated 
cast steels were proposed:
1. homogenization annealing at 1100°C for 6 hours, cooling 

down to the austenitization temperature of 950°C and hold-
ing in this temperature for 2 hours, then fast cooling to 200°C 
and isothermal annealing at this temperature for 2 hours.

2. softening annealing at 650°C for 4 hours then, heating up 
to austenitization temperature of 950°C and holding in this 
temperature for 2 hours, then fast cooling to 200°C and 
isothermal annealing at this temperature for 2 hours.
one can see that these two variants of heat treatment differ 

only in the first step. in the first case, there is homogenization 
annealing at 1100°C for 6 hours, during which the diffusion 
processes enabling the elimination of the dendritic segregation 
( always present in casts) were examined. The second one has 
a soft annealing at 650°C for 4 hours, during which we expect 
to obtain more stable, equilibrium microstructure of perlite with 
spheroids of cementite before the austenitization process, which 



1669

finally  allows for an increase in the machinability of the cast 
steel. For simplicity, samples will now be labelled as Cs1100 and 
Cs650 according to applied heat treatment. in order to prevent 
the oxidation and decarbonisation of the surface of samples the 
heat treatments were conduct in protected atmosphere of nitrogen 
which was deliver into furnace in quantity of 7 m3/h. The wide 
scale microstructure investigations were performed after heat 
treatment process. optical Light Microscopy (LM) was applied 
for etched samples in order to reveal the main constituents of the 
microstructure. The samples were mechanically grinded using 
silicon carbide paper up to 7000 grit and polished using alu-
mina suspension until the complete disappearance of scratches. 
Etching process of the samples surface was performed using of 
solution of 3% nitric acid in ethanol (Nital). Keyence digital 
microscope was used for microstructural observations. detailed 
microstructural observations and crystal structure analysis were 
carried out by Tecnai G2 200 kV scanning /transmission electron 
microscope (s/TEM) equipped with EdX detector system and 
Themis 200 G3 with Cs corrector and high efficiency super-X 
Eds detection system for chemical analysis. Thin foils for 
TEM observations were prepared with a TenuPol-5 double jet 
electropolisher using an electrolyte of nitric acid (70%) and 
methanol (30%) at –25°C. The crystal structure, lattice parameter 
of phases and their volume fraction in investigated samples were 

determined using of X-ray diffraction of high-energy synchrotron 
radiation (87.1 keV) in transmission geometry using the hzG 
materials science beamline P07B at dEsY in hamburg, German. 
Mechanical properties of investigated samples were determined 
using of hardness measurement and tensile test. 

3. results and discussion

The phase analysis of samples after two different heat 
treatments was performed using diffraction of high energy 
synchrotron radiation. Fig. 2 shows the high-energy X-ray dif-
fraction patterns recorded at room temperature. For both cases, 
all visible peaks can be attributed to two phases α' martensite 
and γ austenite phases. however, in the two theta range between 
3.75-4.25, significant differences in shape and intensities of 
peaks can be observed. This indicates that the volume fraction 
of martensite and austenite, their lattice parameters and carbon 
concentrations are different due to application of two different 
heat treatments. By use of the fitting procedure of peaks and their 
deconvolution, it was possible to calculate the volume fraction of 
austenite and martensite, lattice parameter of austenite, carbon 
concentration in austenite, tetragonality of α' martensite as well 
as the stacking fault energy (sFE) of the austenite. The volume 

Fig. 1. An example of Gds chemical analysis performed in two places of as cast cylindrical sample
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fraction of austenite and martensite was clearly different for 
both applied heat treatments. in the case of sample Cs1100, 
the volume fraction of austenite and martensite was found to be 
58.8 and 41.2%, respectively, whereas for Cs650 sample equals 
67.8 and 32.2%. These results indicate that annealing of samples 
at the higher temperature prior to austenitization promotes the 
formation of a larger amount of martensite after quenching and 
isothermal annealing. The carbon concentration of retained aus-
tenite in the tested steel was calculated using Eq. 1 [13]

 a0 = 3.5780 + 0.033Cγ (1)

where a0 is the austenite lattice parameter in Angstroms and 
Cγ is the weight percent of the carbon in the retained austenite. 

The lattice parameters of retained austenite were calculated 
and are equal 3.6103 Å and 3.6023 Å for Cs1100 and Cs650, 
samples respectively. Based on these results, the carbon concen-
tration of retained austenite (cγ) was determined as 0.98 wt.% 
and 0.74 wt.% in the case of specimens Cs1100 and Cs650, 
respectively. The tetragonality of the martensite was calculated 
according to reference [14], while the carbon concentration in 
the martensite was determined using Eq. 2 [15] in both samples:
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in the case of martensite, the lattice parameters, tetragonal-
ity (ca /aa), and carbon concentration of martensite (Ca ) were 
determined. Based on lattice parameters, the (ca /aa) is 1.0408 and 
1.0336 in the case of Cs1100 and Cs650 samples, respectively. 
determination of the tetragonality of martensite allowed for the 
calculation of the carbon concentration within. it was observed 
that the carbon concentration of martensite is 1.09 wt.% and 
0.93 wt.% for specimens Cs1100 and Cs650, respectively and 
it is generally higher than in retained austenite. For better vis-
ibility all calculated parameters from high energy synchrotron 
diffraction were collected in TABLE 1.

Most steels contain the retained austenite after different 
heat treatment, therefore the mechanical properties should 
also depend on its deformation mechanism. Moreover, in 
our case after isothermal annealing at 200°C for 2 hours the 
retained austenite constitutes a significant volume fraction 
and even is a predominated phase for both investigated cast 
steels. Therefore, an increase of strength and ductility can be 
expected when the samples are deformed due to the twinning 
induced  plasticity (TWiP) or dislocation glide in austenite. 

The deformation mechanisms and mechanical properties of 
face-centered cubic (fcc) metals are strongly related to their 
stacking fault energy (sFE) γSFE [16], which is the most crucial 
nucleation parameter determining whether twinning, martensitic 
transformation or dislocation glide alone will occur during the 
deformation of the material. Twinning is reported to occur at 
stacking fault energies roughly 18 ≤ γSFE ≤ 45 mJ m–2. At γSFE 
values <18 mj generally formation of ε or α' martensite occurs, 
becomes the favoured transformation mechanism that affects 
the further deformation of the material. For γSFE > 45 mjm–2, 
plasticity and strain hardening are controlled solely by the glide 
of dislocations. The γSFE was calculated for the composition 
presented in Fig. 1 equal 22  mj/m–2 and is connected with a high 
concentration of Mn and Al. This indicates that during plastic 
deformation the retained austenite can be deformed by TWiP 
(twinning-induced transformation) mechanism and increase the 
strength and ductility. 

in order to determine the morphology of austenite and mar-
tensite as well as crystallographic relationships between them, 
a wide spectrum of microscopy investigations was applied. 
Firstly a light microscopy microstructure observations were 
performed in order to characterise the microstructure at low 
magnifications with the aim to show the chemical segregation 
and grain size. Fig. 3 presents the set of microstructures for 
samples after both heat treatment processes recorded at differ-
ent magnifications. At the lowest magnifications (upper row) 
a significant differences of microstructure can be recognised be-

TABLE 1

Volume fraction, lattice parameters and carbon concentration in austenite and martensite calculated  
by use of high-energy X-ray diffraction

sample Vγ  
[vol.%]

αγ
[Å]

Cγ
[wt.%]

Vα  
[vol.%]

aα
[Å]

cα
[Å]

cα
aα

Cα
[wt.%]

Cs1100 58.8 3.6103 0.98 41.2 2.85816 2.9746 1.041 1.09
Cs650 67.8 3.6023 0.74 32.2 2.8592 2.9554 1.034 0.93

Fig. 2. high-energy X-ray synchrotron diffraction patterns for samples 
after two different heat treatment procedures
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tween two applied heat treatments. in the case of sample Cs650, 
a dendritic microstructure is visible while in the case of Cs1100 
the granular one. Although there is a dendritic microstructure, in 
this case it is relatively uniform with uniform areas of dendrite 
arms and interdendritic areas. Therefore, it can be assumed that 
both softening annealing and austenitization at a temperature of 
950°C lead to some level of microstructural uniformity. in the 
case of sample Cs1100 one can see the granular microstructure 
with irregular grains of the size of about 300 mm. Thus, it can 
be concluded that at least in the observed area combined high 
temperature homogenization annealing and austenitization led 
to a significant reduction of dendritic segregation. The type 
of microstructure obtained during austenitization just before 
fast cooling down to bainitic reaction temperature strongly 
influences the final bainitic microstructure. The dendritic 
microstructure subjected to bainitic reaction was presented 

in Ref. [17]. The authors found that transformation starts in the 
dendritic zones depleted with Mn and then expands to the inter- 
dendritic ones.

since Mn reduces the C activity, the interdendritic areas 
with a higher Mn concentration are enriched with C, and thus, 
these zones contain a greater amount of retained austenite plus 
martensite, resulting in a heterogeneous microstructure. Finally 
this shift of the Ms temperature toward the higher temperatures 
range promoting the formation of a bigger amount of retained 
austenite and the presence of martensite in the final microstruc-
ture. such type of microstructure may be observed in Fig. 3 at 
the higher magnification for Cs650 sample. in case of Cs1100 
sample microstructure recorded at higher magnification is char-
acterised by the bigger grains of prior austenite influencing the 
increase of Ms temperature [18,19] and higher volume fraction 
of  martensite. summarising, microstructure observations of 

Fig. 3. set of microstructures of samples after both heat treatment processes recorded at different magnifications
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samples using LM allowed to conclude that both cases of heat 
treatment of investigated cast steel applied prior austenitization 
leads to an increase of Ms temperature and finally formation 
of two phase structure of austenite plus martensite. The effect 
of prior martensite on bainite transformation in nanobainite 
steel was investigated by W. Gong et. al. [20]. What is worth 
to notice, they used for investigations of low alloy steel with 
carbon (0.79C), manganese (1.98Mn) and silicon (1.51si) con-
tent close to our case (all in wt.%). The samples were prepared 
by vacuum induction melting while ingot was homogenized 
at 1200°C for 4 hours, what is also similar to the investigated 
Cs1100 cast steel. Finally, the samples were hot rolled and ap-
plied for two series of heat treatment processes (a) the direct 
isothermal transformation (diT) process and (b) the quenching 
and bainite transformation (QBT) process. in QBT, a specimen 
was austenitized at 900°C for 20 min before rapid cooling to 
110 or 300°C (below Ms), then heated up to 250 or 300°C for 
isothermal holding and finally cooled down to room temperature. 
There is no partial quenching process for diT treatment, and 
a specimen was cooled from 900°C directly to 250°C or 300°C 
for isothermal bainite transformation. Based on detailed studies 
using in-situ neutron diffraction measurements, scanning electron 
microscopy and electron backscatter diffraction observations, 
authors found that prior martensite transformation accelerate the 
subsequent nanobainite transformation. Bainitic lathes formed 
adjacent to a pre-existing martensite plate exhibited an almost 
identical orientation. dislocations introduced in austenite due 
to stress relaxation of transformation strains are believed to 
assist bainite transformation accompanying variant selection. 
Neutron diffraction profiles of austenite were found to show 
symmetric broadening with martensite transformation whereas 
nonsymmetric broadening occurred with nanobainite transforma-
tion, indicating the generation of two populations of austenite. 
Taking into account our findings concerning the increase of Ms 
temperature due to dendritic inhomogeneities and prior austenite 
grain size increase as well as results in [20] we may expect that 
in our cast steel after diT process also bainitic transformation 
at 200°C occurs and some part of the microstructure can include 
a nanobainte. in order to determine a morphology of austenite 

and martensite and crystallographic orientation between them 
detailed TEM microstructure investigations were made. Also by 
the use of the most sophisticated super-X Eds system in TEM an 
accurate chemical analyse of particular phases, was performed. 
This higher efficiency Eds detection systems enable fast com-
positional analysis with below nanometer resolution. Addition-
ally, the super-X detection system features 4 sdds detectors 
for substantially enhanced sensitivity, which is critical for trace 
element detection for example carbon. Fig. 4 presents a result 
of the microchemical analysis of Cs650 sample performed in 
TEM using the super-X Eds system. 

one can see the hAAdF microstructure and correspond-
ing elemental maps, as well as results of quantitative chemical 
analyses performed in the indicated areas. Generally, it can be 
seen that the distribution of all elements present in cast steel is 
uniform and does not depend on any visible differences in the 
hAAdF microstructure. only nanometric-sized longitudinal 
precipitates can be seen, enriched in V and Mo and depleted 
in Fe. Quantitative chemical analysis performed in the marked 
areas indicates slight carbon fluctuations in the examined areas, 
but they are on the verge of measurement error. in general, it can 
be said that this content is about 1 wt.%, which is consistent with 
the nominal chemical composition of cast steel, but it will not 
allow to clearly determine what type of phase we are dealing 
with (austenite or martensite plate), which should differ in carbon 
content according to results obtained using synchrotron radia-
tion diffraction (TABLE 1). Therefore, other TEM techniques, 
i.e. selected area electron diffraction (sAEd) and dark field 
(dF) observations, can only solve this problem. interestingly, 
most of the analysed elements have concentrations similar to 
the nominal ones, except for manganese, which is higher even 
if we take into account the measurement error. Fig. 5 presents 
hAAdF microstructure and results of chemical analyse of 
sample Cs1100. The same phenomena are visible as in the case 
of the Cs1100 sample, i.e. uniform distribution of all cast steel 
alloying elements and occasional occurrence of nanometric pre-
cipitates enriched in V and Mo and depleted in Fe. however, in 
this case, these precipitates can be recognised as carbides because 
of a slight but significant increase of the carbon signal occurs in 

Fig. 4. hAAdF microstructure and corresponding of elemental maps (wt.%) of sample Cs650 performed in TEM using of super-X Eds system
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this area. Quantitative analysis performed in the marked areas 
indicates that this samples is also enriched with manganese to 
approximately 3.9 wt.%, which may be evidence of a change in 
the nominal composition of the cast steel and should be taken 
into account in further investigations.

Greater fluctuations in carbon concentration are also visible, 
which may indicate that plates with a lower content are mar-
tensite, and those with a higher content represents austenite. it is 
also visible that these plates differs in morphology and contrast. 
in order to confirm these insights, observations were carried out 
using bright field (BF), dark field (dF) and selected area electron 
diffraction (sAEd). The set of BF and dF microstructures and 

the corresponding sAEd images taken for Cs650 and Cs1100 
samples are shown in Figs. 6 and 7, respectively. in both cases, 
a two-phase austenitic-martensitic microstructure is visible, 
which is confirmed by electron diffractions. Each of them shows 
two martensite sublattices with the zone axis orientations [010]
M and [111]M, respectively, and one austenite with the zone axis 
orientation [111]A. The selection of reflections from the ap-
propriate austenite and martensite planes was made so that the 
microstructure components from only one phase were visible in 
the dF microstructures. 

Therefore, it can be concluded that the martensite plates 
for both heat treatment variants are much wider than those of 

Fig. 5. hAAdF microstructure and corresponding of elemental maps (wt.%) of sample Cs1100 performed in TEM using of super-X Eds system

Fig. 6. The set of BF and dF microstructures and the corresponding sAEd images taken for Cs650 sample
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austenite and their width ranges from 200 to 500 nm, while the 
width of the austenite plates ranges from several to 50 nm for 
Cs650 sample and from several dozen up to 200 nm for Cs1100. 
it is possible that the main reason for these differences is related 
to the growth of the prior austenite grain during annealing at 
a temperature of 1100°C. however, in the case of Cs650 sample, 
it should be remembered that there may be a different microstruc-
ture (morphology) of martensite and austenite in both dendritic 
and inter-dendritic areas, as shown in Fig. 3. Additionally, based 
on the obtained diffraction patterns, it is visible that in both cases 
there is a crystallographic relationship between austenite and 
martensite of the Kurdjumov-sachs type {111}γ // (011)a' and 
1–01γ // 1–1–1a' respectively for blue and red orientations shown 
in the dF images in Figs. 6 and 7. As presented above, Eds 
chemical analysis showed the presence of nanometric carbide 
precipitates. detailed microstructural analysis using high-reso-
lution transmission electron microscopy (hREM) allowed the 

detection and description of these carbides. Fig. 8 shows the BF 
microstructure and the corresponding electron diffraction, which 
can be fitted to the α' martensitic phase with the [111] zone axis 
orientation, observed in the sample Cs1100. 

however, for this zone axis of α' phase, the angle between 
all {110} diffraction spots should differs from 60°, since mar-
tensite has a tetragonal structure. however, precise measure-
ments using TiA software indicated that that are equal exactly 
to 60° what suggests that this phase can be consider as bainitic 
ferrite αbf with the bcc regular crystal structure. This partially 
proofs previous considerations about the increase of Ms tempera-
ture and formation of bainite structure in the investigated cast 
steel. The BF image show additional microstructural effects in 
the form of nanometric bands, and the diffraction patterns show 
additional weak reflections (indicated by the arrows) located 
closer to the transmitted beam (central reflection), indicating 
the presence of an additional phase. Therefore, an attempt was 

Fig. 7. The set of BF and dF microstructures and the corresponding sAEd images taken for Cs1100 sample

Fig. 8. BF microstructure and the corresponding sAEd pattern of bainitic ferrite abf observed in the sample Cs1100
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made to make hREM observations in this area of the sample. An 
additional advantage of the analysed area is its location on the 
edge of the sample, where it is the thinnest and most suitable for 
high-resolution studies. Fig. 9 depicts the hREM microstructure 
performed in the area shown in Fig. 8 and the corresponding FFT 
(Fast Fourier Transform) and iFFT (inverse Fast Fourier Trans-
form) images. The FFT image attached in the lower right corner 
of the hREM image shows electron diffraction, which in addition 
to strong reflections from bainitic ferrite αbf with [111] zone axis 
also shows additional reflections. The analysis of a selected area 
(blue square) of the hREM microstructure, in which the change 
in the contrast of atomic planes is clearly visible, allowed for 
the identification with high accuracy of the Θ-type transition 
carbide with an orthorhombic structure, Pnma space group and 
lattice parameters a = 5.0, b = 6.74 and c = 4.52 Å described 
in [21]. it is visible that these are carbides with the size up to 
15 nm and elongated shape due to the anisotropy of their growth 
direction [21]. it can be expected that the presence of these 
nanometric carbides also have a positive effect on the strength 
properties and abrasion resistance of the investigated cast steels.

The mechanical properties of the investigated cast steel after 
two types of heat treatment were determined using of hardness 

hV30 and tensile test. one can see (TABLE 2) that only small 
differences between the hardness of these two samples exist. 
however, with regard to other mechanical properties, there are 
clear differences.

This is most likely due to the different volume fractions of 
retained austenite after both heat treatment variants. As shown 
in TABLE 1, more retained austenite remained in the micro-
structure of samples heat-treated according to the Cs650 variant 
(67.8 wt.% compared to 58.8 wt.% after the Cs1100 variant). 
however, such austenite was characterized by a lower carbon 
concentration. This made it less stable and therefore more suscep-
tible to the TWiP or TRiP effect, which contributes to improving 
both strength and plastic properties. unfortunately, this research 
did not verify which of the above-mentioned mechanisms turned 
out to be decisive for the observed improvement in mechanical 
properties. Therefore, in order to verify this thesis, in the future 
it is planned to perform an additional EBsd analysis of the sam-
ples after the tensile test, close to the point of rupture. Generally, 
in the light of literature data concerning cast steel subjected to 
bainitic reaction [9-12] our results are located in the same level 
of strength but with better ductility.

Fig. 9. HreM microstructure and corresponding FFT and iFFT images showing existence of Θ-type transition carbide in bainitic ferrite observed 
in the sample Cs1100

TABLE 2

Mechanical properties of investigated cast steel measured by hardness and tensile test performed for three samples of each heat treatment

sample no HV30mean
Rm

[mPa]
Rm mean
[mPa]

Rp0.2
[mPa]

Rp0.2 mean
[mPa]

A
[%]

Amean
[%]

Cs650
1

658
1469

1426
1031

1060
9.5

9.52 1410 1100 8.8
3 1399 1048 10.2

Cs1100
1

663
1438

1381
1041

992
8.2

8.52 1292 963 9.3
3 1412 971 8.1
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4. conclusions

in this work, we have developed two heat treatment tech-
nology variants and performed detailed microstructure, crystal 
structure and mechanical properties of cast steel with new 
chemical composition. it was shown that as a result of using two 
alternative variants of multi-stage heat treatment for investigated 
cast steel, the microstructures produced consisted of martensite 
plates with a width of 200 to 500 nm and retained austenite with 
a width of a dozen to 50 nm for variant 1 and from several dozen 
to 200 nm for variant 2, which were related to Kurdiumov-sachs 
crystallographic relationship. Both microstructures also con-
tained nanometric-size (~15 nm) of Θ-type transition carbides. 
The volume fraction of retained austenite and martensite varied 
depending on the heat treatment used and these values were 
67.8 and 32.2% for variant 1 and 58.8 and 41.2% for variant 2, 
respectively. The main reason for these differences was dendritic 
segregation causing the change of chemical composition of aus-
tenite formed at 950°C and, consequently, different mechanical 
stability of this phase. Mechanical properties determined during 
tensile tests showed that the tensile strength and ultimate tensile 
strength for variant 1 was Rm = 1426 MPa and R0,2 = 1060 MPa 
and for variant 2 Rm = 1381 MPa and R0,2 = 992 MPa, with the 
elongation to break the sample A = 9.5 and A = 8.5%, respec-
tively. These values of strength are slightly lower than presented 
in literature for this type of cast steel but ductility is significantly 
better. The developed cast steel has great application potential, in 
particular for applications such as materials with high abrasion 
resistance due to the type of microstructure. 
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