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ARTICLE INFO ABSTRACT

Keywords: High silicon bainitic steels have gained significant recognition in various applications due to their exceptional

High silicon bainitic steels properties, such as high strength, favourable corrosion resistance, and excellent high-temperature stability. This

I(ziral’}'“te study investigates an alloy capable of generating a finer bainitic structure through a transformation at 260 °C,
netics

leading to the desired microstructure. Interestingly, other phenomena were discovered while pursuing optimal
heat treatment conditions. At temperatures exceeding 850 °C, the alloy exhibits a tendency for graphite for-
mation, which has intriguing implications for its mechanical properties. The high silicon concentration in the
alloy significantly retards cementite growth, resulting in a microstructure composed solely of bainitic ferrite and
residual austenite through the transformation of austenite below the bainite start temperature. Furthermore, it is
observed that pearlite formed during rapid transformation at 650 °C does not exhibit the predicted equilibrium
chemical composition. This discrepancy challenges the existing models of pearlite growth, which assume local
equilibrium at the shared interface with austenite. This research aims to investigate the influence of silicon
content on solid-state transformations in high-silicon steels using dilatometry, optical microscopy, scanning
electron microscopy, and X-ray diffraction techniques. These analytical methods will provide insights into the
intricate processes occurring during isothermal transformation temperatures, contributing to a deeper under-

Bainitic transformations
Solid-state transformations
Dilatometry

standing of the material’s behaviour and its potential applications.

1. Introduction

A wide variety of the physical properties of steels can be obtained by
carefully controlling the processing conditions. This is one of the main
reasons, along with low production costs, that makes steel the most
widely used amongst the metals. Nevertheless, the production of steel is
extremely polluting in terms of CO,. Developments that improve the
mechanical properties of steel without increasing the cost of production
would not only allow a reduction in the consumption of steel but also
would result in a positive impact on the environment. During processing
it is common for steel to be heated to temperatures in excess of 1000 °C,
so that austenite, which has a face-centred cubic crystal structure is
generated. Various phase changes occur when the steel is then cooled to
ambient temperatures. In particular, at temperatures below about
~ 900 °C, a body-centred cubic structure called ferrite becomes stable.
These changes in stability as a function of temperature, and indeed of
chemical composition and processing, can be exploited to control the
structure and properties of steels. Moreover the changes can occur by a
variety of atomic mechanisms so that the palette of microstructures
available becomes quite extensive, more so than many other common
metallic systems.
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Transformations where diffusion is not an essential are accomplished
by the concerted motion of atoms, leading to systematic displacements
[1]. The transformation of austenite into bainite falls in this regime of
limited atomic mobility, enabling the growth of bainite plates without
diffusion, although carbon may undergo redistribution or precipitation
post-transformation. A notable outcome of this displacive mechanism is
the formation of thin bainite plates, which naturally refines the grain
structure without necessitating any thermomechanical processing. This
makes the bainitic steels strong and tough, as long as cementite pre-
cipitation is prevented. The addition of silicon plays a crucial role in this
regard by impeding cementite precipitation [2-4], such that carbon
partitioning from the supersaturated bainitic ferrite occurs in the re-
sidual austenite, which is then retained to enhance toughness. Alloy
design is facilitated by solutes like nickel, which impact the harden-
ability and toughness of steel [5,6]. Furthermore, bainite ferrite plates
become even thinner as the transformation temperature decreases [7,8],
serving as the foundation for the development of nanostructured bainitic
steels, as described in this paper [9,10].

Bulk nanocrystalline bainitic steels have recently been developed in
which the austenite is much more resistant to thermal decomposition
[11-13]. This work presents a detailed structural characterisation of this
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Table 1
Chemical composition of the steel investigated, wt%.

C Si Ni Al Mo Mn Co Cr Fe

0.72 3.87 3.40 1.39 0.21 0.02 <0.01 <0.01 balance

Fig. 1. Optical micrographs in as - received condition, the bright areas are
allotriomorphic ferrite, which formed first, followed by pearlite.

alloy, with a specific emphasis on the formation of bainitic structures at
varying isothermal transformation temperatures, using dilatometric
analysis, optical microscopy, scanning electron microscopy, and X-ray
diffraction. The overarching aim of this investigation is to gain a
comprehensive understanding of the distinct structures that emerge
during the transformation process and evaluate the feasibility of
achieving a bainitic structure in high silicon bainitic steels.
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2. Materials and methods

The chemical composition of the alloy studied is listed in Table 1. The
alloy was designed to generate a mixed nanostructure of bainitic ferrite
plates embedded in a matrix of carbon-enriched austenite. The alloy has
enough carbon and nickel to ensure the low transformation temperatures
to achieve the nanostructure. However, the amount of silicon in this alloy is
significantly higher than the usual amounts found in alloys of this kind,
which suppresses the formation of cementite precipitation. Furthermore,
the reduced concentration of manganese prevents the need for long
transformation times, thereby facilitating the formation of the mixed
nanostructure through elementary hardenability considerations. The alloy
also has a high concentration of aluminium, which significantly accelerates
the bainite transformation [14]. In addition, small amounts of molybde-
num have been added to prevent any possibility of phosphorus-induced
embrittlement of the austenite grain boundaries [15].
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Fig. 4. Dilatometry curves during heating of initially pearlitic microstructure.
The expansions observed at lower temperatures are due to austenite formation,
while those occurring at higher temperatures are due to graphite formation.
The extent of the later expansion becomes notably prominent at a slower
heating rate.
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Fig. 2. (a) Equilibrium phase fractions were calculated over a range of temperatures using MTData [19,20] for the composition of as - received conditions. Liquid,
austenite, ferrite and cementite phases are allowed to exist in the calculations. (b) TTT curve calculated using MTTTData [19,21,22]. The calculations predict that
bainite will form in the temperature range of 220 °C-330 °C during isothermal transformation.
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Fig. 3. (a) Temperature - time profiles for samples cooled in air after austenitisation, showing a change in gradient at ~ 240 °C. (b) Martensitic microstructure

formed cooled in air from 1000 °C to ambient temperature.
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Fig. 5. Microstructures of the alloy after heating up to 1000 °C at 0.1 °C s~ !, showing (a) mostly martensite with nodular graphite and a small quantity of Wid-
manstatten ferrite at prior austenite grain boundaries. (b) Graphite nodule in a martensitic matrix. (b) Void caused by graphite dissolution.
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Fig. 6. Dilatometric curve of the alloy cooled at 5 °C s, showing the Mg

temperaturer according to the offset method with 1 vol.% transformation [24].

The alloy was produced as a 54 kg steel cast and forged to a final
cross-section 57 mm x 83 mm with a 7:1 reduction ratio. Dilatometric
samples 3 mm and length 10 mm were performed in a Bahr DIL 805 A
dilatometer. Temperature, diameter and change in length were
monitored.

Vickers hardness was measured with a 10 kg load on an ATM Qness
30+ automatic indenter, taking the average of ten indents in each case.
The standard deviation (STDEV) of the measurement was taken to
calculate the statistical standard error (STDEV /+/N), where, N is the
total number of indentations made.

Samples mounted in conductive bakelite were ground using silicon
carbide emery papers (1200-grade to 2500-grade), followed by polishing
with to 6 pm, 1 pm finishes using diamond paste, finishing with 0.25 pm
colloidal silica for scanning electron microscopy on a FEI Nova NanoSEM
operating at 15 kV. Etching was with a 2% nitric acid, 98% methanol
mixture.

Samples for the X-ray analysis were ground and electropolished using
5% perchloric acid, 25% glycerol and 70% ethanol at 11 V for 8 min. X-ray
diffraction analysis (Bruker D8 DAVINCI, Cu Ka radiation) was used to
determine the fraction of retained austenite (V,). The machine was
operated with a step size 0.050° with dwell time of 5, 2.5° primary slit, a
divergence slit 8 mm wide and 18 mm antiscatter slit at 40 kV and 40 mA
and a rotational speed was 30° min~!. The results were subjected to

Rietveld refinement [16]. The weighted profile R-factor (Rwp) and
goodness-of-fit were used to assess the quality of fitting, which also
checked graphically [17]. The Dyson and Holmes [18] relationship be-
tween the austenite composition and its lattice parameter was used to
estimate its carbon content (C,).

3. Results and discussion

Experiments were initiated to assess the transformation character-
istics of the alloy. Introductory investigations were directed to evaluate
the cooling and heating method required to form nanostructured bai-
nitic steels and comprehensive dilatometric experiments were per-
formed to study the transformation kinetics.

3.1. Initial experiments

The as-received state of the alloy has a microstructure that is a
mixture of allotriomorphic ferrite and pearlite (Fig. 1), with a Vickers
hardness of 461 + 3 HV10, taking the average of ten indents.

Phase fractions were calculated using MTData [19,20], the alloy is
predicted to be completely austenitic between 850 °C and 1220 °C,
Fig. 2a. Thermodynamic modelling using MTTTData [19,21,22] indi-
cated that the reconstructive transformations can be avoided if the alloy
cooled to ~ 600 °C in roughly 30 min (Fig. 2b). This shows the high
hardenability which is necessary in the production of large components.

3.2. Mg temperature

The test, in which the alloy was austenitised and air cooled to
ambient temperature revealed a change in gradient of the temperature
profile at around 240 °C (Fig. 3a), corresponding to the martensitic
transformation (Fig. 3b), consistent with Mg = 220 °C using MTTTData.

3.3. Experimental study on the effects of heating rates

The dilatometric curves of the as-received pearlitic material were
examined at different heating rates to determine the optimal heating
rate, as shown in Fig. 4. These curves exhibited two different expansions
during the heating to 1000 °C, at ~ 730 °C and ~ 850 °C. The first
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Fig. 7. Optical micrographs of martensitic structure, o, formed in the alloy cooled to ambient temperature at (a) 20 °C s7L, (b)10°Cs™ %, (¢) 5°Cs ! and (d) and (e)
2°Cs™1. Cooling at 2 °C s~ results in a small quantity of allotriomorphic and Widmansttten ferrite, o,.
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Fig. 8. Hardness of the alloy after austenitisation at 1000 °C for 30 min then
transformed isothermally at 200 °C, 260 °C and 300 °C for different times
as indicated.

expansion is due to austenite formation, indicating that the alloy is
predominantly austenitic at 730 °C. The second expansion corresponds
to the graphite formation.

It is worth noting that while the second expansion was observed
across all heating rates, it became significantly more distinct at a slower
heating rate (i.e., 0.1 °C s~ 1. This can be attributed to the extended
opportunity for the carbon atoms to diffuse and segregate, allowing for
the growth of larger graphite flakes, Fig. 5. Conversely, no signs of
graphite at higher heating rates (1-10 °C s™1). This suggests that the
thermal energy input rate profoundly impacts graphite’s precipitation
kinetics and subsequent distribution within the material. Furthermore,
the temperature at which decomposition was first detected increased
with higher heating rates, as shown in Fig. 4.

This phenomenon indicates a critical transition in the microstruc-
tural evolution, marking the initiation of graphite precipitation. The
presence of graphite within the alloy has significant implications for its
mechanical and thermal behaviour, as the inclusion of graphite can in-
fluence its strength, ductility, and thermal conductivity [23]. Consid-
ering that the presence of graphite reduces the amount of carbon
available for subsequent transformations, a heating rate of 5 °C s~! has
been chosen for further investigations.

Results in Materials 19 (2023) 100430

Table 2
Heat - treatment conditions applied in dilatometry experiments.
Temperature / °C 800 750 700 650 600 550 500
Hold time / h 5.0 5.0 5.0 5.0 6.0 6.5 6.5
Temperature / °C 450 400 350 325 300 275 260
Hold time / h 12.0 12.0 12.0 12.0 12.0 12.0 12.0
Temperature / °C 30 30 30 30
Cooling rate / °C s™* 20 10 5 2
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Fig. 10. Alloy transformed at 260 °C. Horizontal lines are fitted to the “start”
and “end” of the transformation.

3.4. Experimental determination of martensite start temperature

Transformation temperatures were determined by slope changes in
the dilatometric curve, using the offset method [24]. The alloy was
austenitised at 1000 °C for 30 min and then quenched to ambient tem-
perature to determine, Mg = 238 °C for cooling at 5 °C s~ ! (Fig. 6) to
ensure the austenite is untransformed before reaching Ms. Cooling at
lower rates (i.e. < 2 °C s’l) permits some allotriomorphic and Wid-
manstatten ferrite to form (Fig. 7).

Fig. 9. Optical microstructures of the alloy after austenitisation at 1000 °C for 30 min and isothermally transformed for 24 h at (a) and (b) 200 °C, bainite structure
between large martensite plates. (c) 260 °C and (d) 300 °C, both temperatures result in substantial quantities of bainite.
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Fig. 11. (a) Measured TTT diagram based on the times required for the
transformation at every temperature. (b) Comparison of experimental and
measured transformation start times (points) and those calculated (lines) using
MTTTData [19,21,22].

3.5. Transformation kinetics

Samples were austenitised at 1000 °C for 30 min, freely cooled and
transformed isothermally at 200 °C, 260 °C and 300 °C for different
times, giving the hardness values shown in Fig. 8. The hardness becomes
steady after 1 d at all temperatures, suggesting that the subsequent
microstructural changes are small. Lower transformation temperatures
achieve higher hardness, consistent with the expected finer bainitic
microstructure [25].

The samples transformed at 200 °C consisted of a mixture of bainite
and large martensite plates. The martensite plates are a lot bigger than
the bainite and have formed in typical self-accommodating zig-zag
chains (Fig. 9a). Lots of martensite plates expand to the prior austenite
grain boundaries, indicating that they formed first to be followed by
bainite (Fig. 9b). Therefore Mg must be above 200 °C consistent with the
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Fig. 12. Hardness and evaluated microstructure for isothermally trans-
formed alloy.

Results in Materials 19 (2023) 100430

Table 3
Structures formed in the alloy and associated hardness data.
Temperature / Transformation Microstructure Hardness
°C Start Time / s HV10
800 1270 Ferrite, graphite, martensite 300 + 18
750 500 Ferrite, graphite 290 + 6
700 310 Ferrite, graphite 272 +7
650 260 Ferrite, cementite 451 +£7
600 310 Ferrite, cementite 475 £ 7
550 740 Bainite, cementite, € 488 + 5
500 1450 Bainite, austenite, cementite, € 434 +£7
450 1849 Bainite, austenite, cementite, ¢ 487 + 8
400 936 Bainite, retained austenite 430 + 6
350 632 Bainite, retained austenite 489 +5
325 740 Bainite, retained austenite 511 + 4
300 1100 Bainite, retained austenite 548 + 6
275 2100 Bainite, retained austenite 562 + 4
260 4328 Bainite, retained austenite 589 + 3
2°Cs? N/A Martensite, allotriomorphic 717 £ 11
ferrite
5°Cs? N/A Martensite 721 +8
10°Cs™? N/A Martensite 737 £ 6
20°Cs™! N/A Martensite 753 £ 9

recalescence detected during cooling (Fig. 3). The samples transformed
at 260 °C and 300 °C, however, showed the expected combination of
bainitic ferrite and retained austenite (Figs. 9c and d). These results will
be explained later (Section 3.7).

Normalised intensity

Normalised intensity

o
=
—

I3

Fig. 13. X - ray diffractograms after isothermal transformation. For the sake of
clarity only ferrite peaks are labelled, other peaks may be seen in Fig. 24.
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Fig. 14. Alloy isothermally transformed at 800 °C for 5 h. (a) and (b) optical micrographs. Scanning electron micrograph of (c) martensite plates in ferrite ‘e’ and (d)

graphite nodules in a ferritic matrix.
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Fig. 15. (a) Graphite in a ferritic matrix in “blackheart cast iron” held at 900 °C for many days before cooling slowly to grow graphite nodules [ [29], micro-

graph 795].
3.6. Dilatometric study of phase transformations

All dilatometry samples were similarly heated at 5 °C s~! under
vacuum to 1000 °C where they were held for 30 min. Samples then were
either transformed isothermally or cooled continuously at 5 °C s™* to
ambient temperature, as detailed in Table 2. Samples were isothermally
transformed at various temperatures, showing that reconstructive
transformations were avoided. Zero time is defined when the isothermal
temperature is reached, and the onset of. Transformation was then taken
to begin when the strain had increased by 1% of the net change during
the isothermal hold (Fig. 10).

Transformations measured in the alloy are rapid (Fig. 11a): an order
of magnitude shorter time than earlier bulk nanostructured bainitic
steels [e.g., Refs. [26-28]]. This is because of the absence of manganese,
which decreases transformation driving force. Fig. 11b indicates that
MTTTData predicts the correct bainite transformation times.

3.7. Transformation microstructures

The transformation products of the experimental isothermal trans-
formations were assessed dilatometrically, optical and scanning electron

microscopy, hardness measurement Fig. 12, Table 3 and X -ray
diffractometry Fig. 13. The isothermal transformation temperatures will
be studied individually in the following sections.

3.7.1. 800 °C

The microstructure consisted of large ferrite grains containing
irregular nodules of graphite together with some martensite, Fig. 14, due
to the decomposition of the austenite which remains untransformed at
800 °C. Rietveld analysis (not including graphite) shows (79 £3) vol.%
ferrite and (21 +£5) vol.% austenite, consistent with equilibrium calcu-
lations of 75 vol.% ferrite, 22 vol.% austenite and 3 vol.% graphite. It
was not possible to identify graphite using X-ray diffraction, however
the microstructural appearance (Fig. 14a ) is typical of graphite seen in
“blackheart cast-iron” (Fig. 15a). The graphite is a consequence of the
well-known effect of a large silicon concentration in making cementite

1 The structure looks like that of blackheart cast-ion which requires many
days to remove the cementite and converted into graphite however, this take a
very short time to produce a similar structure, albeit for much lower carbon
concentration.
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Fig. 16. Microstructure of the alloy isothermally transformed for 5 h at (a) 750 °C, near the centre of the samples containing graphite and ferrite, when the cooling
rate is slower. (b) 700 °C and (c) 750 °C, the structure near the surface edges, showing pearlite and allotriomorphic ferrite.

less stable. This is the basis for example of grey cast - iron as opposed to
white cast-iron which has a low silicon concentration.

3.7.2. 750 °C and 700 °C

The microstructures contained a mixture of ferrite and a small
amount of graphite (Fig. 16a) following transformation at either 750 °C
and 700 °C, alongside pearlite close to the edges of the sample (Figs. 16b
and c). Thermodynamic calculations predict that cementite can form at
temperatures up to 800 °C (Fig. 2a). Nonetheless when graphite is
allowed to exist, the calculations suggest 3 vol.% [19,20] graphite and
cementite is excluded as a stable phase.

3.7.3. 650 °C

Transformation at 650 °C resulting in a mixture of pearlite with a
small amount of allotriomorphic ferrite (Fig. 17). If graphite is excluded
from the calculations, the only phases predicted from thermodynamic
modelling are 87 vol.% ferrite, 13 vol.% cementite and 0.15 vol.%
molybdenum carbide, Mo,C. However, Mo,C was not identified by X -
ray diffraction, perhaps because the precipitate fraction is small.
However, cementite particles do not form a lamellar structure except in
a very small region highlighted in Fig. 17c, the reason is that large
cementite plates breaks down after prolonged heating; small spherical
segments of cementite, or spheroidite are formed.

To test this, sample that were held at 650 °C for only 5 min or 90 s before
cooling to ambient temperature, showed the classical pearlite lamellar
Fig. 17f, with progressive spheroidisation as the time spent at 650 °C
increased Fig. 17d.

Fig. 18 shows an expansion at the beginning of the hold due to the
ferrite transformation Fig. 19, followed by a contraction due to pearlite
formation. However, there is a significant increase in the strain at longer
times. The reasons for this are not clear but one possibility is that the
pearlite does not initially form with its equilibrium composition because
of the speed of transformation. Subsequent changes towards equilibrium
may occur during prolonged holding at the transformation temperature.
In particular, the trade - off between the rejection of (Ni, Al, Si) and
enrichment of Mo. As Mo has a bigger atomic size as compared to Ni, Al
and Si we can observe an initial drop and subsequent increase in strain

value while isothermally holding for longer time. This hypothesis has
been partially confirmed using EDX points scanning and the comparison
of equilibrium and para-equilibrium?® calculations Fig. 20.

3.7.4. 600 °C and 550 °C

A significant change happens when the transformation temperature
is decreased below 600 °C (Fig. 21). Both transformed samples show
structure consisting of a martensite and spherodised cementite particles
in ferrite. The ferrite has fully recrystallised into equiaxed grains.
Thermodynamic calculations suggest that a small amount of austenite
ought to remain untransformed at both 600 °C and 550 °C, yet this was
not detected using XRD. Cementite and e carbide peaks are highlighted
in the sample transformed at 550 °C (Fig. 22). Furthermore, the phase
fractions of cementite and ferrite following Rietveld analysis of XRD
data are in excellent agreement with thermodynamic calculations in
Fig. 2a with ~ 85 vol.% ferrite and =~ 15.0 vol.% cementite, in the two
cases.

3.7.5. 500 °C - 400 °C

Plate-shaped ferrite consistent with displacive transformation
(Fig. 23) occurs when the alloy is transformed between 500 °C and 400
°C. Cementite precipitation is restrained because of the existence of
silicon and aluminium that are unable to partition at relatively low
transformation temperature [e.g., Refs. [30-33]]. The partitioning of
carbon into austenite allows it to be retained to ambient temperature
(Fig. 24).

3.7.6. Below 400 °C

Isothermal transformation at less than 400 °C, prompts fine plates of
bainitic ferrite separated by films or blocks of retained austenite
(Figs. 25-27). No other phases were present as confirmed by XRD
(Fig. 24). The amount of retained austenite for all of the isothermal

2 Substitutional alloying elements are unable to partition during the time
scale of the experiment compares with equilibrium where substitutional
alloying elements diffuses at higher temperature.
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Fig. 17. Microstructure obtained after isothermal transformation at 650 °C for 5 h, (a) and (b) showing mostly pearlite with allotriomorphic ferrite at prior austenite
grain boundaries. (c) Classical pearlite highlighted, the cementite particles in the other regions do not form a lamellar structure. (d) Held for 5 min, shows structure of
short lamellae. (e) and (f) held for 90 s, shows cooperative growth of pearlite.
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Fig. 18. Dilatational strain measured during isothermal holding at 650 °C for (a) 5 min; (b) 2 h, the strain does not become horizontal due to trade-off of elements.

Fig. 19. Microstructure of the alloy after isothermal transformation at 650 °C for 30 s, showing mostly martensite with allotriomorphic ferrite at prior austenite
grain boundaries.
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Al

Fig. 21. Microstructure of the alloy transformed at (a) and (b) 600 °C for 6 h; (c) and (d) 550 °C for 6.5 h. Ferrite grains formed on prior austenite grain boundaries

scattered with areas of martensite and smaller dark regions of cementite.
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Fig. 22. XRD data for the alloy transformed at 550 °C, shows e carbide and cementite peaks, with peak due to CuK; radiation.

transformation temperatures is shown in Fig. 28. A microstructure such
as this, where fine plates of bainitic ferrite are separated by films of
austenite, is in many respects desirable from the perspective of me-
chanical properties [34-41].

Decreasing the isothermal transformation temperature leads to more
refined structure. Using calibrated scanning electron micrographs, the
intercepts perpendicular to the long axis of the plates were measured
and stereologically corrected [42] to obtain the true widths (Fig. 29).

4. Conclusions

The presence of austenite in nanostructured bainitic steels is mostly
responsible for the toughness. However, the austenite is metastable and
previous work has demonstrated that it decomposes into cementite and
ferrite upon heating. This decomposition makes the material brittle and

11

weak. Likewise the strength of the microstructure relies upon its sca-
le — the plates of bainite get finer as the transformation temperature is
decreased and the strength of the austenite increased [25,43]. The alloy
investigated here was able to form a finer bainitic structure following
transformation at 260 °C and produced the desired microstructure. In
the course of the investigations to find the optimum heat treatments, a
number of other phenomena were discovered:

e The pearlite obtained during rapid transformation at 650 °C does not
form with its equilibrium chemical composition, and yet, all models
of pearlite growth, without exception, assume the existence of local
equilibrium at the common front with the austenite.

e The alloy has a tendency to form graphite during heat treatment at
temperatures in excess of 850 °C. The thermodynamic stability of
graphite at elevated temperatures contributes to its formation.
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Fig. 23. Alloy transformed at (a) and (b) 500 °C, (c) 450 °C and (d) 400 °C. The microstructure consists of films of bainitic ferrite, and retained austenite with regions
of blocky austenite.
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Fig. 24. Isothermal transformation X - ray diffraction peaks at the temperatures indicated. Retained austenite peaks increases in height as transformation tem-
perature decreases, whereas carbide peaks become smaller and then vanish for transformation at or below 400 °C.
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Fig. 25. Microstructure of the alloy isothermally transformed at 350 °C for 12 h, blocks of austenite between parallel sheaves of bainite, which also contain films
of austenite.
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Fig. 26. Microstructure of the alloy isothermally transformed at 300 °C for 12 h. The microstructure is profoundly the same as that formed by transformation at 350
°C (Fig. 25), but with finer microstructure.

Fig. 27. Microstructure of the alloy isothermally transformed at 260 °C for 12 h. Blocks of austenite become finer, consistent with the isothermal transformation at
lower transformation temperature.
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Fig. 28. Volume fraction of retained austenite obtained via Rietveld analysis of XRD data. As the transformation temperature decreases below 550 °C, the volume
fraction of retained austenite increases. Because of the suppression of cementite by the presence of aluminium and silicon. Carbon in this way stays in solution and
stabilises austenite.
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Fig. 29. Mean lineal intercept plate width of bainitic ferrite and film austenite after isothermal transformation at the temperatures indicated, stereologically -
corrected “3 7Py, where Py is the plate width [42]. (a) Larger plate widths at higher transformation temperaturer and (b) almost identical finer scale at 325 °C and
below. The error bars represent one standard deviation over at least ten values.
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Graphite has a lower energy state compared to other carbon-rich
phases, such as cementite, which makes it more favourable under
certain conditions. At temperatures above 850 °C, the alloy’s
composition and the kinetics of the transformation play crucial roles
in determining the formation of graphite.

It’s important to note that the tendency to form graphite during heat
treatment is not necessarily detrimental in all cases. In fact, the
controlled formation of graphite can be desirable for specific appli-
cations. For example, in cast iron, graphite flakes impart enhanced
machinability, damping properties, and thermal conductivity.
However, in other alloys, such as steels, the formation of graphite
can be undesirable, leading to reduced mechanical strength,
decreased toughness, or compromised dimensional stability. There-
fore, understanding the alloy’s intended use and its response to heat
treatment is crucial in determining whether the tendency to form the

graphite is advantageous or requires modification.
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