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Abstract: Medium-carbon steel 42SiMn (0.4C-0.6Mn-2Si-0.03Nb) was used for a two-step heat
treatment consisting of a soaking hold and an annealing hold at bainite transformation temperature.
Various heating temperatures, cooling rates, and bainitic hold temperatures were applied to the steel to
obtain microstructures typical for TRIP (Transformation Induced Plasticity) steels. TRIP steels utilize
the positive effects of a multiphase microstructure with retained austenite, creating a good combination
of strength and total elongation and an excellent deep-drawing ability. Typical microstructures consist
of ferrite, bainite, and 10–15% of retained austenite. In this work, tensile strengths in the region of
887–1063 MPa were achieved with total elongation A5mm of 26–47%, and the final microstructures
contained 4–16% of retained austenite. The most suitable microstructure and the best combination
of high strength and total elongation were achieved for the processing with intercritical heating
temperature of 850 ◦C and cooling at 30 ◦C/s to the bainitic hold of 400 ◦C. Very fine pearlite persisted
in the microstructures, even after applying a cooling rate of 50 ◦C/s, however these small areas with
extremely fine laths did not prevent the retention of up to 16% of retained austenite, and high total
elongation A5mm above 40% was still reached for these microstructures.
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1. Introduction

Increasing demands from the automotive industry have sustained the development of new
steel grades with improved mechanical properties and lower amounts of alloying elements, in order
to produce lighter vehicles at lower costs. One of these steels is TRIP (Transformation Induced
Plasticity) steel, which generally possesses high strengths above 800 MPa when combined with good
total elongation of around 30%. These TRIP steels are typically low to medium carbon low alloyed
materials with 0.2–0.4% carbon and 1–2% of manganese and silicon [1–6]. Various combinations of
alloying elements have been proposed and tested to improve either the mechanical or technological
properties of TRIP steels [6–10]. Good strength to total elongation balance was attributed mainly to the
positive influence of retained austenite that was distributed in a complex multiphase microstructure.
The retention of austenite is achieved by the combined effects of alloying and dedicated heat or
thermo-mechanical treatment. The heat treatment can be carried out either by full austenitization or
heating at intercritical temperature, in both cases followed by a second hold in the temperature region
of bainitic transformation. Bainitic hold is important to provide a sufficient amount of bainite in the
final microstructure, and also to stabilize the remaining austenite by intensive diffusion of carbon
that is rejected form growing bainitic areas. Silicon alloying helps to prevent cementite formation
during the hold, as silicon does not dissolve in cementite. The formation of cementite and pearlite
is considered undesirable because they consume carbon, which should be used for stabilization of
the remaining austenite. Depending on the selected processing parameters, various amounts and
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morphologies of individual structural components can be contained in the final microstructures, which
commonly consist of ferrite (F), carbide free bainite (B), retained austenite (RA), and a small portion of
martensite [11]. Larger retained austenite islands are often not stabilized enough during the bainitic
hold, and tend to transform partially to martensite during the final cooling, producing the so-called
M-A constituent (M-A) [1].

In most of the recent studies, carbon contents of around 0.2% or lower were used for the production
of TRIP steels [1–8]. There are relatively few studies of 0.4%C TRIP steels with various alloying
concepts [10,12–20]. In this work, a higher carbon content of 0.4% was used together with only 0.6% of
manganese, and the steel was further alloyed by 2% silicon and 0.03% niobium. Even a small addition
of niobium refines the final microstructure of the steels, increases the volume fraction of retained
austenite, and increases the tensile strength [20–24]. According to Hausman et al. [20], no significant
further grain refinement is obtained for similar low alloyed CMnSiNb steel grade containing more
than 0.025% of niobium. On the other hand, 0.06% of niobium enabled significantly slower cooling
rates that were to be used without the risk of pearlite formation in 0.2C-1.5Mn-1.8Si-0.06Nb steel,
in comparison to the same steel with only 0.03% niobium [24].

2. Materials and Methods

2.1. Material Characterisation

Low alloyed medium-carbon 42SiMn steel was used in this work (Table 1). Its chemical
composition is typical for TRIP steels, with 0.6% manganese and 2% silicon. These two alloying
elements are added mainly to support the stabilization of the retained austenite. Manganese is
an austenite-forming element, while silicon inhibits cementite formation during the processing,
thus saving carbon for austenite stabilization [25]. Another benefit of silicon is its solid solution
strengthening effect. Micro addition of 0.03% of niobium was used to refine the final microstructure
and also to strengthen it, either by solid solution strengthening by dissolved niobium or by precipitation
strengthening by niobium carbide or carbo-nitrides [20].

Table 1. Chemical composition (wt %) of used steel.

C Mn Si P S Al Nb Mo

0.43 0.59 2.03 0.01 0.011 0.008 0.03 0.03

TTT (time temperature transformation) diagram and phase development diagram for the
experimental steel were calculated in JMatPro software (Figure 1a,b). The ferrite transformation
area in the TTT diagram is very narrow, indicating the difficulty of avoiding pearlite formation
during the cooling to bainitic hold temperatures. The calculation of phase ratios predicted the full
austenitization of the steel at heating temperatures of 850 ◦C and higher.

The steel was produced as a model laboratory melt of a 60 kg ingot using a vacuum induction
furnace (První železářská společnost Kladno, s. r. o., Kladno, Czech Republic). This ingot was cut into
four equal parts along the longitudinal axis, and the central area of the original ingot with numerous
shrinkages was cut off. Each part of the ingot was then re-forged at a temperature of 1150 ◦C into
25 mm diameter bars, using the laboratory’s hydraulic press. Forged bars were finally annealed in the
furnace for two hours at 900 ◦C and were air cooled to room temperature. The initial microstructure of
the steel was ferritic-pearlitic.
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Figure 1. (a) Time temperature transformation (TTT) diagram for heating temperature of 850 °C and 
(b) phase development diagram for 42SiMn steel calculated in JMatPro software. 
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average values are given in the accompanying tables and figures. The maximum value of the 
products indicates the best formability, which is connected with the optimal stability of the retained 
austenite [26]. The optimal stability means that the retained austenite transforms gradually to 
martensite during straining. If the austenite is too stable, then it might not transform before the 
fracture of the steel. If it is, on the other hand, not stable enough, it would massively transform at the 
very beginning of plastic straining and would not contribute to the enhancement of the mechanical 
properties of TRIP steel [4]. The volume fraction of the retained austenite was determined by X-ray 
diffraction phase analysis using an AXS Bruker D8 Discover automatic powder diffractometer, with 
a HI-STAR detector and Co lamp (λKα = 0.1790307 nm). A focusing polycapillary lens was used to 
achieve an X-ray spot with 0.5 mm diameter. The measurement was carried out in the central part of 
the samples, and spectra were taken in the range of 2θ from 25° to 110°. The integrated intensities of 
(200) ferrite peak and (111), (002) and (022) austenite peaks were used for evaluation. Carbon content 
in retained austenite was calculated when considering the effect of alloying elements, according to 
[1,27]: 

a = 3.572 + 0.0012 Mn − 0.00157 Si + 0.0056 Al + 0.033 C (1) 

where a is the lattice parameter of the retained austenite calculated from the three austenite peaks 
measured by X-ray diffraction phase analysis. The amounts of alloying elements are given in weight 
percent. 

The resulting microstructures were analysed using an EVO 25 scanning electron microscope 
(Ziess, Oberkochen, Germany) with a LaB6 cathode and a BX61 light microscope (Olympus, Tokyo, 
Japan). Image analysis software Stream Motion 1.9 was used to determine the phase fraction of the 
polygonal ferrite and pearlite. The phase fraction of the polygonal ferrite was determined for all of 
the samples from ten light micrographs with a magnification of 500×. The pearlite fraction of the 
samples had to be established using SEM micrographs with a magnification of 5000×, due to the small 
size of the pearlitic areas. All of the microstructure analyses were performed in the central part of the 
longitudinal cross section of the processed samples.  
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All of the heat treatments were carried out in a thermo-mechanical simulator, which enables 
precise control of the thermal and deformation parameters and the application of high temperature 
gradients and a quick succession of multiple deformation steps. The simulator consists of three main 
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Figure 1. (a) Time temperature transformation (TTT) diagram for heating temperature of 850 ◦C and
(b) phase development diagram for 42SiMn steel calculated in JMatPro software.

2.2. Evaluation Methods

The mechanical properties after processing were determined by tensile testing on small flat
samples with a gauge length of 5 mm and a cross section of 2 mm × 1.2 mm. Two samples from each
treatment were tested. The formability of the steel was evaluated by the product of tensile strength and
total elongation (RmxA). Two tensile samples were tested for each processing method and the average
values are given in the accompanying tables and figures. The maximum value of the products indicates
the best formability, which is connected with the optimal stability of the retained austenite [26].
The optimal stability means that the retained austenite transforms gradually to martensite during
straining. If the austenite is too stable, then it might not transform before the fracture of the steel. If it
is, on the other hand, not stable enough, it would massively transform at the very beginning of plastic
straining and would not contribute to the enhancement of the mechanical properties of TRIP steel [4].
The volume fraction of the retained austenite was determined by X-ray diffraction phase analysis using
an AXS Bruker D8 Discover automatic powder diffractometer, with a HI-STAR detector and Co lamp
(λKα = 0.1790307 nm). A focusing polycapillary lens was used to achieve an X-ray spot with 0.5 mm
diameter. The measurement was carried out in the central part of the samples, and spectra were taken
in the range of 2θ from 25◦ to 110◦. The integrated intensities of (200) ferrite peak and (111), (002) and
(022) austenite peaks were used for evaluation. Carbon content in retained austenite was calculated
when considering the effect of alloying elements, according to [1,27]:

a = 3.572 + 0.0012 Mn − 0.00157 Si + 0.0056 Al + 0.033 C (1)

where a is the lattice parameter of the retained austenite calculated from the three austenite peaks measured
by X-ray diffraction phase analysis. The amounts of alloying elements are given in weight percent.

The resulting microstructures were analysed using an EVO 25 scanning electron microscope
(Ziess, Oberkochen, Germany) with a LaB6 cathode and a BX61 light microscope (Olympus, Tokyo,
Japan). Image analysis software Stream Motion 1.9 was used to determine the phase fraction of the
polygonal ferrite and pearlite. The phase fraction of the polygonal ferrite was determined for all of
the samples from ten light micrographs with a magnification of 500×. The pearlite fraction of the
samples had to be established using SEM micrographs with a magnification of 5000×, due to the small
size of the pearlitic areas. All of the microstructure analyses were performed in the central part of the
longitudinal cross section of the processed samples.

2.3. Heat Treatment

All of the heat treatments were carried out in a thermo-mechanical simulator, which enables
precise control of the thermal and deformation parameters and the application of high temperature
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gradients and a quick succession of multiple deformation steps. The simulator consists of three
main units. Deformations are carried out by the FlexTest SE electro-hydraulic testing system (MTS,
Eden Prairie, MN, USA), which offers a maximum load of 50 kN at actuator speeds of up to 3 m/s.
High-frequency electrical resistance heating is used to heat the specimen. With a maximum power of
3 kW, the specimens can be heated in a controlled manner at rates in excess of 200 ◦C/s, depending on
the material and shape of the test piece. The third unit of the simulator is the cooling system, which is
a feedback-based unit that is linked to the heating system and ensures repeatability of the complex
cooling schedules. The active part of the sample is cylindrical with 8 mm diameter and length of 16 mm.
The geometry of the sample was optimised to achieve a homogeneous thermal field distribution in
the active part of the specimen. A simple two-step heat treatment strategy that is typically used for
processing TRIP steel strips was chosen for all of the processing regimes. The samples were soaked and
then cooled to a bainitic hold temperature, which is also sometimes referred to as ‘coiling temperature’
in TRIP steel processing literature [3]. The temperatures of the soaking hold and bainitic hold varied,
and several cooling rates were also tested to describe the effects of the processing parameters on the
microstructure and mechanical properties.

A heating rate of 20 ◦C/s was used for all of the samples. To estimate the effect of heating
temperature, a soaking hold of 100 s was applied at three temperatures of 850, 900 and 1000 ◦C.
According to the calculations of the phase fractions carried out using JMatPro software (Sente Software
Ltd., Surrey, UK) (Figure 1), all three soaking temperatures should lie in a one-phase, fully austenitic
region. Three different cooling rates of 15, 30, and 50 ◦C/s were used for subsequent cooling to the
bainitic hold. Higher cooling rates were chosen to prevent pearlite formation and improve the final
microstructure. Varying bainitic hold temperatures between 375 and 450 ◦C were used to evaluate the
effect of the hold temperature on the final microstructure and the mechanical properties of the steel.

3. Results and Discussion

3.1. Effect of Heating Temperature

To evaluate the effect of different heating temperatures, the same schedules with a cooling
rate of 30 ◦C/s and bainitic hold at 400 ◦C were repeated for three soaking temperatures of 850,
900, and 1000 ◦C. As the soaking temperature increased, the strength of the steel also increased,
from 869 MPa obtained for the sample with 850 ◦C soaking, up to 1068 MPa for the sample with
1000 ◦C soaking temperature (Table 2, Figure 2).

Table 2. Effect of soaking temperatures on tensile strength, total elongation, formability factor (strength
and total elongation product), retained austenite volume fraction, and fraction of polygonal ferrite.
Samples cooled at 30 ◦C/s to 400 ◦C and annealed at this temperature for 600 s.

Soaking (◦C/s) Re (MPa) Rm (MPa) A (%) RmxA (MPa%) RA (%) Ferrite (%)

850/100 624 ± 8 934 ± 7 47 ± 0 43,898 16 21 ± 3
900/100 677 ± 0 962 ± 2 33 ± 0 31,746 12 4 ± 2

1000/100 881 ± 7 1068 ± 1 26 ± 1 27,768 14 1 ± 0.6

The lowest soaking temperature of 850 ◦C resulted in a multiphase microstructure that is typical
for TRIP steels with a ferritic-bainitic matrix and 16% of retained austenite and the best combination
of mechanical properties. Bainite in 42SiMn steel was a carbide-free microstructure typical for TRIP
steels, with granular or lath morphology. Depending on the shape of ferrite areas, these morphologies
are usually called granular bainite and bainitic ferrite [6,28–32], or in some cases, also granular and
acicular ferrite [28,32]. Granular bainite is defined as the mixture of irregular shaped ferrite plates
and dispersed blocky retained austenite or M-A constituent [30], or as equiaxed ferrite grains that
are possessing a higher dislocation density than polygonal ferrite and containing islands of retained
austenite or M-A constituents [32]. Bainitic ferrite is defined as ferrite laths that are separated by films
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or laths of retained austenite and/or martensite [29,30]. The same microstructure consisting of bainitic
ferrite laths with interlayer of austenite or martensite is also called acicular ferrite [32]. The bainite
in 42SiMn steel that was soaked at 850 ◦C was mainly of a granular type with a few areas of lath
bainite (Figure 3). This is in agreement with the descriptions of the microstructures of TRIP steels with
lower carbon content, where Nb micro-addition also supported the formation of granular bainite [6,20].
Very fine pearlitic areas were occasionally found in the microstructure; however, this does not seem
to have a negative effect on the retention of austenite or on the mechanical properties. Significant
amounts of polygonal ferrite that was obtained in the final microstructure also suggested that this
soaking temperature was in fact low enough to fall into the intercritical temperature region, which is
in contrast to the results from JMatPro calculations (Figure 1).
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Figure 2. Effect of heating temperature on tensile strength (Rm), total elongation (A), retained austenite
(RA).
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Higher heating temperatures of 900 and 1000 ◦C resulted in the full austenitization of the steel and
the final microstructures were in both cases mainly bainitic, consisting of large blocks of lath bainite
that was lined by a very small amount of proeutectoid ferrite grains and containing around 13% of
lath retained austenite (Figures 4 and 5). No traces of pearlite were found in either microstructure.
Bainitic laths were shorter in the sample, with a soaking temperature of 900 ◦C. The bainitic blocks
were significantly finer and larger islands of bainitic ferrite and retained austenite were more frequent
in this microstructure than in the sample with a higher soaking temperature of 1000 ◦C. This would
contribute to a higher total elongation and lower strength of the sample soaked at 900 ◦C in comparison
to the mechanical properties of the sample soaked at 1000 ◦C.
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Another important factor that is influencing the mechanical properties of these C-Mn-Si-Nb low
alloyed steels is the state of niobium. It can either be dissolved in solid solution or precipitated in
NbC, or Nb(C,N), or there can be a mixture of both states in various ratios depending on the heating
temperature and the processing conditions [20]. In the case of the treatments that are used here,
the state of niobium is influenced solely by the soaking temperature, as no deformations are applied
during the processing to stimulate strain induced precipitation of niobium carbides. The temperature
of complete dissolution of primary NbC is commonly given to be around 1200 ◦C for this kind of
steel [23], and it has been reported for similar low alloyed CMnSiNb steels that around 94% of niobium
is still undissolved after 2 min soaking at 900 ◦C [20]. When considering that a relatively rapid heating
rate of 20 ◦C/s and short holds of 100 s are used for all of the samples, it can be safely assumed
that niobium carbides were not dissolved in the samples with a soaking temperature of 850 ◦C,
and a negligible amount of niobium was dissolved during the soaking at 900 ◦C. Practically the same
amount, sizes, and distribution of Nb enriched particles was observed in the elemental maps that
were produced by EDS (Energy-dispersive X-ray spectroscopy) (Figure 6). The average size of the
particles was 0.133 µm with standard deviation of 0.06 µm for the soaking temperature of 850 ◦C and
0.134 µm with standard deviation of 0.03 µm for the soaking temperature of 900 ◦C, the error of the
measurement was 0.005 µm. About 10% of niobium can be expected to dissolve in this kind of low
alloyed steel in austenite during soaking at 1000 ◦C [23], and it can provide a small contribution to
the higher strength of this microstructure. This was in agreement with elemental mapping results,
which showed a generally smaller size of Nb enriched particles than in the samples that were soaked



Metals 2017, 7, 537 7 of 14

at lower temperatures. The average size of the particles decreased in this case to 0.114 µm, with a
standard deviation of 0.05 µm.Metals 2017, 7, 537  7 of 14 
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Figure 6. Typical images of niobium distribution in the microstructures produced by various soaking
temperatures, obtained by EDS (Energy-dispersive X-ray spectroscopy) mapping. Light dots correspond
to Nb enriched particles.

3.2. Effect of Cooling Rate

The samples that were soaked at 850 ◦C and cooled at various cooling rates to 400 ◦C bainitic
hold displayed three completely different microstructures. The mechanical properties were improved
by increasing the cooling rate from 15 to 30 ◦C/s (Table 3, Figure 7), as the microstructure changed
from ferritic-pearlitic to ferritic-bainitic with a small amount of very fine pearlite. The microstructure
obtained by the slowest cooling was the most homogenous one, with the highest amount of polygonal
ferrite (39%) and pearlite (Figure 8). The volume fraction of pearlite reached 25%. The higher cooling
rate of 30 ◦C/s decreased the amount of proeutectoid ferrite in the final microstructure to 21% and
replaced most of the pearlite by granular bainite (Figure 3). Only 6.5% of pearlite was found in
this microstructure.

Table 3. Effect of cooling rate on tensile strength, total elongation, formability factor, retained austenite
volume fraction, and polygonal ferrite fraction. Samples soaked at 850 ◦C/100 s with bainitic hold
400 ◦C/600 s.

Cooling Rate (◦C/s) Re (MPa) Rm (MPa) A (%) RmxA (MPa%) RA (%) Ferrite (%)

15 588 ± 3 869 ± 3 34 ± 0 29,546 5 39 ± 3
30 624 ± 8 934 ± 7 47 ± 0 43,898 16 21 ± 3
50 602 ± 5 905 ± 4 41 ± 1 37,105 16 16 ± 1
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Figure 7. Effect of cooling rate on strength (Rm), total elongation (A), retained austenite (RA).

A further increase of the cooling rate to 50 ◦C/s caused an even further drop in the volume fraction
of the polygonal ferrite to 16% and the disappearance of pearlite (Figure 9). Larger blocks of M-A
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constituent were observed in the microstructure, which can be expected to contain more martensite
and be generally less stable to martensitic transformation during the straining [4]. This could explain
a slight fall in strength and total elongation observed in this sample in comparison with the one cooled
at 30 ◦C/s.Metals 2017, 7, 537  8 of 14 
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3.3. Effect of Bainitic Hold Temperature

The cooling rate of 30 ◦C/s provided the best combination of high strength and total elongation
for the steel soaked at 850 ◦C, with bainitic hold at 400 ◦C. Therefore, this cooling rate and soaking
temperatures were used to process a set of samples with various bainitic hold temperatures to analyse
the influence of bainitic hold temperature on the microstructure and the mechanical properties
of 42SiMn steel. Bainitic holds were tested in the range of 375–500 ◦C, covering most of the
calculated bainite transformation interval. All of the hold temperatures were above the martensite start
temperature of 320 ◦C, which was calculated by JMatPro.

An increase in the bainitic hold temperature from 375 to 400 ◦C produced a significant improvement
of mechanical properties (Table 4, Figure 10). While the strength remained the same, the total elongation
increased from 38% to 47%. The microstructure that was obtained by processing with the hold at 400 ◦C
was most typical for TRIP steel processing, consisting of a ferritic-bainitic matrix with the occasional
occurrence of very fine pearlite and M-A constituent (Figure 11). In comparison to the microstructure
after bainitic hold at 375 ◦C (Figure 12), the amount of polygonal ferrite decreased with an increasing
hold temperature from 24% to 21%. Further increase of the hold temperature to 425 ◦C did not change
the mechanical properties, and only after the hold at 450 ◦C did the strength decrease slightly to
918 MPa, and the total elongation dropped to 33%. The final microstructure was similar to previous
cases (Figure 13), consisting mainly of a bainitic-ferritic mixture with larger areas of M-A constituent.
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The bainite possessed granular morphology with a higher amount of bainitic ferrite than after the
holds at lower temperatures and the amount of retained austenite dropped to 4%. The mechanical
properties reached their lowest values after the hold at 500 ◦C, when strength of only 887 MPa and
31% total elongation were obtained. This drop in the values of mechanical properties was caused by
the disappearance of bainite from the final microstructure, which was predominantly ferritic-pearlitic
(Figure 14). The pearlitic areas were quite small, typically reaching the size of only several micrometres
with extremely fine laths. No retained austenite was detected in this microstructure, as growing
pearlite consumed the carbon, disabling the chemical stabilization of the remaining austenite during
the hold. The highest amount of polygonal ferrite, reaching 38%, was found in this microstructure,
and the ferrite grains were also the coarsest of all the obtained microstructures.

Table 4. Effect of bainitic hold on tensile strength, total elongation, formability factor and retained
austenite volume fraction. Samples soaked at 850 ◦C/100 s and subsequently cooled at 30 ◦C/s.

Bainitic Hold (◦C/s) Re (MPa) Rm (MPa) A (%) RmxA (MPa%) RA (%) Ferrite (%)

375/600 534 ± 12 939 ± 2 38 ± 2 35,628 15 24 ± 1
400/600 624 ± 8 934 ± 7 47 ± 0 43,898 16 21 ± 3
425/600 633 ± 1 932 ± 4 45 ± 1 41,940 16 20 ± 2
450/600 610 ± 8 918 ± 12 33 ± 1 30,294 4 11 ± 4
500/600 645 ± 15 887 ± 5 31 ± 1 27,497 - 38 ± 3
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The most convenient microstructures and combinations of mechanical properties were achieved
by processing with the holds at 400 and 425 ◦C, as both tensile strength and total elongation reached
peak values at these temperatures. Despite the presence of a small amount of very fine pearlite in both
of the microstructures, they were both the most suitable for the utilization of the TRIP effect (Figures 3
and 10). The sample with 400 ◦C hold achieved the highest product of strength and total elongation,
suggesting that the optimum temperature for the bainitic hold would lie around 400 ◦C.

The observed changes of the mechanical properties are in agreement with the results that were
published for 0.2%C TRIP steels, where increasing the temperature of the bainitic hold generally results
in a decreasing strength and an increasing total elongation [33]. The plateau of tensile strength was
also reported by Hausmann et al. [18] for 0.2C-2.6Mn-0.8Si-0.025Nb steel with tensile strengths in the
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region of 1200–1000 MPa, which also reached nearly constant strengths for hold temperatures in the
interval of 425–450 ◦C, followed by a quick drop after the treatment with a 475 ◦C hold. The total
elongation gradually increased from 12% to 18% with increasing hold temperature.

For commercial processing of TRIP steels, heat treatment is typically accompanied by forming
operations, which can shift important transformation temperatures. To verify the results that were
obtained by simple heat treatment, the same thermal cycles that were described in Table 4 were
also used for thermo-mechanical treatment of 42SiMn steel with two incorporated compressive
deformations. The first deformation was carried out at the temperature of 850 ◦C, at the end of
a soaking hold, and the second one during the cooling, at the temperature of 720 ◦C. Each compression
was equal to 10% of the actual sample length. The highest ultimate tensile strength of 910 MPa was
obtained for the treatment with bainitic hold at 350 ◦C. The strength decreased to 857 MPa for the
processing with the hold at 400 ◦C, and remained around 850 MPa for all of the higher bainitic hold
temperatures up to 500 ◦C. The total elongation values reached the peak of 40% and 41% for bainitic
holds at 400 and 425 ◦C, respectively. The optimal annealing hold temperature of thermo-mechanically
processed 42SiMn steel would therefore be in the interval of 350–425 ◦C, depending wheatear higher
strength or higher total elongation is desired. The highest formability (RmxA product) was obtained
for the hold at 425 ◦C. This finding corresponds to a previous work on a low carbon 0.17C-1.5Si-1.6Mn
TRIP steel, which confirmed the bainitic hold temperature of 400 ◦C as an optimal choice for both,
heat and thermo-mechanical treatment [34]. It should be however noted that unlike the case of
low carbon steel, where thermo-mechanical treatment improved mechanical properties of the steel,
thermo-mechanical treatment of 42SiMn steel resulted in the formation of a significant amount of
pearlite, which deteriorated the mechanical properties in comparison to those that were obtained by
heat treatment.

3.4. Effect of Processing Parameters on Carbon Content in the Retained Austenite and the Retained
Austenite Stability

All of the processing parameters affected the carbon content in the retained austenite. Higher
carbon content means higher mechanical stability of the retained austenite against martensitic
transformation, however it does not necessarily ensure better mechanical properties of the steel [1,35].
The soaking temperature had the most significant effect. Carbon content increased with an increasing
soaking temperature. The change of soaking temperature from 850 to 900 ◦C was caused only a small
increase in the carbon content of the retained austenite, from 1.57% to 1.59% (the error of carbon content
calculation is around 0.002%). However, increasing the soaking temperature to 1000 ◦C produced
a more significant increase of the carbon content to 1.67%. A higher cooling rate in the processing with
a soaking temperature of 850 ◦C resulted in higher carbon content, even though the differences were
not large. A cooling rate of 15 ◦C/s produced retained austenite with 1.54% of carbon, and this amount
increased only to 1.59% for the highest cooling rate of 50 ◦C/s. The temperature of the annealing
hold also influenced the carbon content in the retained austenite. The lowest hold temperature of
375 ◦C provided the retained austenite with 1.50% of carbon. Carbon content increased to 1.57% for the
processing, with a bainitic hold temperature of 400 ◦C. Exactly the same carbon content of 1.57% was
also determined in the retained austenite that was produced by a bainitic hold at 425 ◦C. These two
treatments also resulted in the best combinations of tensile strengths and total elongation (formability
factors above 41,000 MPa%). A further increase in the bainitic hold temperature to 450 ◦C significantly
decreased the carbon content in the retained austenite to 1.39%.

Carbon content is only one of the factors that are affecting stability, and thus also transformation
behaviour of retained austenite during straining and higher carbon contents contribute to higher
stability of retained austenite [1,4–6,35,36]. The aim of TRIP steel processing is to achieve an optimal
stability of retained austenite, which means that the austenite should be able to continuously transform
to martensite during straining. This behaviour produces a typical strain hardening curves, which
are increasing at first at a moderate rate and then slowly decreasing. Continuous transformation
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of retained austenite was observed for several low carbon steels treated with bainitic holds around
400 ◦C [31,36]. Other important factors that influence the stability of the retained austenite are the
retained austenite morphology (thin films and laths are more stable than bulky islands), the grain size
(stability increases with decreasing size), and the effect of surrounding phases [1]. Retained austenite
surrounded by ferrite will deform and transform to martensite only after the surrounding ferrite grains
are deformed. On the other hand, retained austenite surrounded by harder phases, such as bainite,
will transform more slowly, or not at all [6].

In the case of microstructures that are obtained by heat treatment of 42SiMn steel soaked
at 850 ◦C with bainitic holds carried out at 400 and 425 ◦C, the retained austenite was mainly
present in granular bainite with larger islands of retained austenite or M-A constituent formed at
bainite/polygonal ferrite interface and only occasional areas with fine lath bainite morphology were
observed. This microstructure with a middle carbon content of 1.57, the highest volume fraction of
retained austenite (16%) and around 20% of polygonal ferrite resulted in the best combination of
mechanical properties.

The effect of surrounding phases and retained austenite morphology could be demonstrated on
the microstructure that was obtained by the soaking at 900 ◦C. In spite of containing 12% of retained
austenite with very similar carbon content of 1.59%, this microstructure reached markedly lower total
elongation than the microstructures that was processed by the soaking at 850 ◦C. The difference in
mechanical properties was caused not only by a significant decrease of ferrite volume fraction in the
sample soaked at 900 ◦C, but also by a lower volume fraction and a higher stability of the retained
austenite. Retained austenite was present predominantly in the form of relatively thin laths in the
lamellar bainitic microstructure. According to Chiang [1], the higher stability of retained austenite in
lamellar microstructures can be contributed mainly to a stress shielding effect of surrounding bainite
and secondary also to elongated shape of retained austenite.

4. Conclusions

The carbon content of 42SiMn steel was at the upper boundary of the limit that was usually used
for TRIP steels and its manganese content of 0.6% was relatively low. The combination of alloying
elements turned out to be prone to pearlite formation at cooling rates below 50 ◦C/s. However, it was
demonstrated that very small pearlitic areas with fine laths are not fatal for the mechanical properties
of the steel, and the volume fraction of the retained austenite could still be sufficient to ensure good
total elongation of this steel.

The final microstructures and mechanical properties were also sensitive to the choice of the bainitic
hold temperature. The best results were obtained for the processing with bainitic holds of 400 and
425 ◦C. There was a temperature interval around these temperatures where the final microstructures
and their mechanical properties remained practically the same. This means that there would be some
tolerance to real processing temperature variations.

Multiphase final microstructures were obtained by using various processing parameters, and they
achieved good combinations of ultimate tensile strengths of 887–1063 MPa and total elongation A5mm

of 26–47%. The most suitable combination of a high strength of 934 MPa and a total elongation of 47%
was obtained for the processing, with the lowest soaking temperature of 850 ◦C, followed by cooling
at a medium cooling rate of 30 ◦C/s and bainitic hold at 400 ◦C for a duration of 600 s.
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