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1. Introduction

The microstructural evolution of a novel high-silicon carbide-free bainitic steel

at different austempering temperatures is investigated. The microstructure is
evaluated by means of optical and electron microscopy, X-ray diffraction,
microhardness, and nanohardness. Results show a variation in the amount of
stabilized retained austenite changing the temperature of the isothermal treat-
ment. In particular, it is observed an increase in the retained austenite volume
fraction increasing the temperature up to 350 °C, while further increase leads to a
reduction. Moreover, increasing the isothermal holding temperature from 250 °C,
through 300, 350, and 370 °C, a progressive bainite coarsening and an increase in
the amount of stabilized carbon-enriched retained austenite are observed. Tensile
tests reveal an excellent combination of mechanical properties: mechanical
strength in the range 1276-1988 MPa and total elongation 0.18-0.44.
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Advanced high-strength steels (AHSS) are
considered very attractive materials thanks
to their outstanding strength combined
with high ductility.’~ Several authors in
the literature demonstrated their capability
to achieve mechanical strength higher than
1.5GPa with elongation above 15%.°7
This extremely favorable combination of
mechanical properties makes these steel
grades new leading actors in important
industrial fields such as automotive
(ie., safe and lightweight components,
which allow a strong reduction in oil con-
sumption and CO, emission), railways
application due to their high wear resistance
in comparison with standard pearlitic
steels,>*4 and armor.!"*!

Among the AHSS, carbide-free bainitic (CFB) steels are very
attractive materials due to their multiphase microstructure con-
sisting of supersaturated bainitic ferrite and carbon-enriched
austenite."*”) The high amount of silicon (>2wt%) allows
the formation of CFB microstructure, with untempered martens-
ite and high carbon retained austenite (with high stability). Silicon
has the capability to suppress cementite precipitation and guar-
antee carbon partitioning in austenite increasing its stability to
room temperature after final cooling during heat treatment.['?

A crucial role in the behavior of these steels is played by the
significant amount of retained austenite embedded in the micro-
structure.” Stable austenite at room temperature gives a strong
contribution to the mechanical properties of these alloys thanks
to its transformation into martensite when subjected to mechan-
ical stress (transformation-induced plasticity [TRIP] effect).'! It
can be found in two morphologies which have different proper-
ties: 1) film-like retained austenite; 2) retained austenite in form
of blocks.P1%?%72%! Film-like austenite is embedded between bai-
nitic ferrite plates and its thickness is in the order of nanometers
and its carbon content is higher compared to blocky austenite.
Thanks to the high carbon content, filmy austenite shows high
stability against stress application, low tendency to the transfor-
mation, allows toughness improvement, and represents an obsta-
cle to crack propagation. Instead, blocky-type austenite is less
carbon enriched and characterized by inhomogeneous
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composition and it was found that blocks can transform at low
strain, as demonstrated by several authors.?’!

The presence of untempered martensite is linked to the limi-
tation of the bainitic transformation, whose extension is deter-
mined by the T, curves. It represents the locus of points at
which ferrite and austenite have the same Gibbs free energy
and the maximum carbon in austenite, above which displacive
transformation is hindered.!***2¢%"}

In the literature, several studies were carried out to elucidate
the effect of heat treatment parameters, during austempering, in
order to optimize the microstructure and maximize the mechan-
ical response of such steel grades, in particular in high-carbon
steels. Many works were dedicated to the investigation of auste-
nitizing conditions,”®>% while many authors investigated the
effect of different conditions for the isothermal treatments.”-*1~*%

According to Son et al,”) an increase in the austempering
temperature leads to thicker bainitic ferrite plates due to the
lower austenite strength that allows coarser subunit plates.
Furthermore, in total agreement with Kumar et al.,BYU an
increase in the untransformed austenite volume fraction, in
high-silicon austempered spring steel, occurs when the isother-
mal transformation temperature is increased. According to
Palaksha et al.,*? this phenomenon is correlated to an increase
in the carbon diffusion rate, which occurs at progressively higher
austempering temperatures. Moreover, isothermal treatments at
higher temperatures favor the presence of large austenitic
blocks,*! due to the lower chemical driving force associated with
the bainitic transformation.

Concerning the influence of different holding times during
the isothermal step of the austempering treatment, Liu
et al.** demonstrated that longer austempering times decrease
the amount of blocky austenite and increase the stability of stable
carbon-enriched retained austenite because this leads to the for-
mation of larger volume fraction of bainitic ferrite that increases
with time.

The tensile properties of CFB steels were presented by
several authors, including,®2%**# reaching an exceptional
combination of tensile strength and ductility. Caballero et al.®)
obtained ultimate tensile strength (UTS) higher than 2 GPa
and with low-temperature austempering, in the range
220-250°C for 16 and 22h, in order to complete the bainitic
transformation.

Nowadays industry requires new materials, characterized
by high mechanical performances in order to reduce the
weight of the parts to reduce fuel consumption, with the aim
of reducing the environmental impact which is a question of
primary importance. Moreover, the requirement regards
also the cost of the materials themselves; therefore, a deep study
is necessary to produce new alloys without the addition
of expensive alloying elements, such as Cr, V, and Mo. In addi-
tion, most of the work in the literature concerns high-carbon
steels!?2*3%4% that have limited weldability, reducing their
applicability.

Table 1. Chemical composition of investigated alloys (wt%).
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Thus, this article aims to characterize a novel composition of a
medium-carbon high-silicon CFB steel, with Si weight fraction
higher than 3%. In particular, a study of the effect of the isother-
mal treatment on the microstructure and on the mechanical
properties has been carried out.

2. Experimental Section

2.1. Material Production

The chemical composition of the investigated steel measured
with optical emission spectroscopy (OES) is shown in Table 1.
A 40kg ingot (40 x 18 x 8.5 cm) was produced with a vacuum
induction furnace, by high purity raw material. The ingot was
then hot rolled to a 20 mm-thick sheet at 1200 °C in seven passes.
Detailed information, including pass temperature, thickness
reduction, and applied force, about the rolling process is reported
in Table 2.

2.2. Heat Treatments

The design of heat treatments was performed with the support of
JmatPro software. Continuous colling transformation (CCT) and
time—temperature transformation (TTT) curves are presented in
Figure 1. A; and M; were estimated equal to 843 and 238 °C,
respectively. The M; value is in good agreement with that esti-
mated, equal to 228 °C, utilizing empirical formula proposed
by Steven—Haynes.[*!

Heat treatment setup for the thermal cycles consisted of a
Carbolite tubular electrical furnace for prenormalization treat-
ment and the reaustenitization of the austempering treatment.
A Naberterm 3000 electric muffle furnace was employed for
the austempering step of the treatment for bainitic transforma-
tion. The temperature of the samples (30 x 15 x 5 mm) was con-
stantly measured by a spot-welded K-thermocouple during the
entire thermal cycle on the specimen surface. A forced air-
cooling system for the intermediate cooling phase of the treat-
ment was used, while the final cooling to room temperature
was performed in water. The scheduled treatments were as
follows: 1) prenormalization: austenitization at 900 °C with a
heating rate of 5 °C s ™!, dwell time of 30 min, and cooling in calm
air outside the furnace at 10°C s™" (Figure 2); 2) austempering:
austenitization at 900, 5 °C s~ heating rate, and holding time of
30 min. Cooling step in forced air at 10 °C s~ until it reach the
temperature for austempering treatment (250, 300, 350, and
370°C) and held for 2 h (Figure 2). At the end of the treatment,
specimens were cooled in water at 40°Cs™".

2.3. Microstructural Characterization

The microstructure of the samples was investigated through opti-
cal light microscopy (OM, Leica DMRE, Leica Microsystems,

Fe C Si Mn Al Cr Ni

Mo Cu Ti \ P S

Bal. 0.38 3.2 2.65 0.1 0.05 0.05

0.02 0.05 0.0011 0.0056 0.008 0.007
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Table 2. Description of hot rolling steps.

No. of passes Temperature [°C] Thickness reduction [%)] Force [ton]
1 1200 2 5.4
2 1148 29.7 53.3
3 1095 21.9 49.4
4 1081 220 55.8
5 1073 221 68.0
6 1065 21.9 65.8
7 1051 22.2 80.7

S.r.1, Milan, Italy) and scanning electron microscopy (SEM) with
a Leica Cambridge Leo Stereoscan 440 (Leica Microsystems S.r.l.,
Milan, Italy). The samples were prepared according to the stan-
dard metallographic preparation, by cutting with SiC disks, with
an oil-water emulsion for lubrication, and then were hot
mounted in phenolic resin. The samples were then ground with
320, 500, 800, and 1200 grit water-lubricated SiC papers and then
polished with polycrystalline diamond pastes 6, 3, and 1 pm. An
etching with Nital 5 (95 mL ethanol with 5 mL Nitric acid) was
performed. The evaluation of bainitic ferrite and filmy retained
austenite thickness was performed on at least five micrographs
taken at high magnification (15 000x), through the linear inter-
cept method, in the direction perpendicular to the sheaf length,
with Image] software and applying the stereological correction
L=2/zt*

X-ray diffraction (XRD) analysis was performed on the speci-
mens with a Siemens D500 X-ray diffractometer (Siemens,
Munich, Germany), equipped with a monochromator placed
on the detector side and a Cu K radiation tube, working at 40 kV
and 30 mA. An angular range 20 =40°-105° was investigated,
fixing a step scan of 0.025° and a counting time of 3 s. Pattern
analysis and phase quantification were performed through the
Rietveld method with the support of MAUD software.[*?)

Electron backscattered diffraction (EBSD) was employed for
additional crystallographic investigation with an FEI QUANTA
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Figure 2. Heat treatment scheme.

250 FEG-SEM (Thermo Fisher Scientific, Hillsboro, OR,
USA) operating at 20kV, with the support of an AMETEK
EBSD (AMETEK BV, Tilburg, The Netherlands) system
and OIM Analysis software. Samples for EBSD were
mounted with conductive resin and after standard preparation,
a final polishing with silica suspension (200 and 40 nm) was
performed. The investigated area was approximately
200 x 200 pm?, the step scan was fixed to 50 nm, and the confi-
dence index was 0.1.

Transmission electron microscopy (TEM) was also used for
microstructural characterization and phase identification by
selected area diffraction (SAED), with a JEOL JEM 200CX
(Jeol Ltd., Tokyo, Japan) operating at 160kV. Specimen
preparation included first cutting 150 pm thin foils, with an
ATM 210A microcutting machine (Verder Scientific S.rl,
Italy) and mechanical ground down to a thickness of less
than 50 pm. After that, 3 mm disks were obtained by mechanical
punching and twin-jet electropolished up to perforation
with a STRUERS TENUPOL-3 (Struers S.A.S., Milan, Italy)
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Figure 1. a) CCT and b) TTT (curves).
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using a 95% acetic acid (CH;COOH) and 5% perchloric
acid (HClO,) solution, at 18V and room temperature.
Electron diffraction patterns were indexed according to ref. [44].

2.4, Tensile Tests

Tensile test specimens were machined from the base material to
obtain dog-bone samples with a gauge length of 32, 6.25 mm
width, and 6mm in thickness, in agreement with ASTM
A370-20. The tests were performed on a Galdabini (Galdabini
Cesare s.r.l., Varese, Italy) tensile test machine with a 600 kN
maximum force. Elongation was measured considering the
crosshead displacement, and the force by the load cell. Three
specimens were prepared for each condition and the average
value is presented. The applied strain rate was equal to
107*s™ ', Tensile tests were carried out at room temperature.

www.steel-research.de

2.5. Hardness Tests

Vickers microhardness measurements were conducted on a Leitz
DURIMET hardness tester, with a load of 300 g. Five indenta-
tions were performed on each specimen and results will be
presented in form of mean value plus standard deviation.
Nanoindentation measurements were carried out using an
iMicro from Nanomechanics Inc. nanoindenter to evaluate the
hardness and elastic modulus of the material. Indentation maps
consisted of a square of 200 x 200 ym? area on which 25 inden-
tations were performed using a load of 200 mN on three different
zones across the sections of each sample. Indentations were
spaced sufficiently far apart so that the indentation behavior
was not affected by the presence of adjacent indentations, in
accordance with the ISO standard 14577-4:2016. The procedure
included the sample positioning under the tip, approach to the
surface, loading, unloading, and retraction. From the load and

Figure 5. a) OM and b,c) SEM micrographs (SE mode) of the investigated alloy after austempering treatment at 250 °C for 2 h (M, martensite; B, bainitic

ferrite; Rag, retained austenite blocks; Raf, retained austenite films).
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depth data at each test location, the contact stiffness, hardness,
and modulus can be calculated using the standard Oliver and
Pharr method. A diamond Berkovich tip was used for all the tests.

3. Results and Discussion

3.1. Microstructure

The microstructure of the as-received material along the rolling
direction (RD) is depicted in the optical and electron scanning
micrograph in Figure 3a,b. The microstructure consists of a mix-
ture of martensite (M), bainitic ferrite sheaves (b), and proeutec-
toid ferrite (F) located at the grain boundaries.*) A similar
microstructure is shown in the OM and SEM micrographs taken
in the normal rolling direction (ND) (Figure 4a,b). No preferen-
tial grain orientation with equiaxed grains is found along the RD.

From the examination of the microstructure by optical and
electron microscopy of the samples treated at 250 °C, displayed

www.steel-research.de
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Figure 9. Variation of bainitic plates and film of retained austenite
thickness with austempering temperature.

Figure 6. a) OM and b,c) SEM micrographs (SE mode) of the investigated alloy after austempering treatment at 300 °C for 2 h (M, martensite; B, bainitic

ferrite; Rag, retained austenite blocks; Raf, retained austenite films).

Figure 7. a) OM and b,c) SEM micrographs (SE mode) of the investigated alloy after austempering treatment at 350 °C for 2 h (M: martensite, B: bainitic

ferrite, Rap: retained austenite blocks, Rap: retained austenite films).

Figure 8. a) OM and b,c) SEM micrograph (SE mode) of the investigated alloy after austempering treatment at 370 °C for 2 h (M, martensite; B, bainitic

ferrite; Rag, retained austenite blocks; Raf, retained austenite films).
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in Figure 5, it is possible to observe the typical CFB microstruc-
ture morphology, consisting of a mixture of bainitic ferrite, films
of carbon-enriched retained austenite, and austenite blocks.

In Figure 6, 7, and 8, optical (a) and SEM (b, ¢) micrographs of
the specimen austempered for 2 h at 300, 350, and 370 °C are
depicted, while the measurements on bainitic plates are depicted
in Figure 9. A prevalent CFB microstructure was obtained, in
agreement with several works present in the literature on similar
steels.®*¢~*8 It is possible to recognize filmy retained austenite
(Rar) sandwiched between bainitic ferrite plates in the sheaves
(B). While in correspondence with the prior austenite grain
boundaries and different sheaves, martensitic islands (M) and
blocks of retained austenite were also individuated (Rag). In this
case, it is possible to observe that there is an appreciable increase
in the bainitic ferrite and austenite thickness.””** The increase in
the bainitic ferrite plate thickness is strictly related to the austen-
ite yield strength (YS), as reported by Bhadeshia:*”) at higher
temperatures austenite YS is lower and plate growth can be easily
accommodated. Moreover, owing to the faster dynamic recovery,
that takes place at high temperatures, weakens austenite, and
leads to the formation of coarser plates.’*”)

The presence of martensite in the investigated samples may be
acribed to two factors: on the one hand, even though the simulated
CCT curve indicates the that the bainitic transformation reaches
completion, it may fail in predicting the appropriate sufficient iso-
thermal holding time;*! on the other hand, even though the
transformation temperature reaches completion, it may guarantee
enough carbon enrichment to lower the untransformed retained
austenite martensite start below room temperature, which is more
probable at high transformation temperature. Part of retained
austenite, which did not decompose into bainite and which is
not sufficiently carbon enriched, during final cooling to room tem-
perature undergoes a martensitic transformation.

3.2. Electron Back-Scattered Diffraction

Complete microstructural characterization has been performed
by means of EBSD on selected samples, in order to investigate
the distribution, shape, and size of retained austenite in the
different austempered specimens. No preferential orientation

www.steel-research.de

of grains was observed, suggesting that the pretreatment is effi-
cacious in removing the effects deriving from the previous ther-
momechanical process (Figure 10a). In addition, the random
orientation of the sheaves suggests the multiplicity of the variants
observed in the orientation map because the bainitic transforma-
tion is isotropic.”® In fact, as proposed by the authors!® and Eres-
Castellanos and co-authors, the transformation in the absence of
external stress is isotropic and there is no favored growth of bai-
nitic ferrite subunits.

From Figure 10D it is possible to understand the distribution
of retained austenite, colored in green, in the CFB matrix (red).
The phase map reveals the presence of small films of austenite
with nanometric thickness between bainitic ferrite plates and
austenitic blocks with a round shape located at the grain
boundaries.

3.3. TEM

TEM allowed further detailed microstructural investigation
(Figure 11 and 12) of carbide-free bainite in the investigated
alloys. As shown before, the microstructure consists of bainitic
ferrite and films of retained austenite sandwiched between

Figure 11. TEM bright field micrographs of the specimen treated at 300 °C
for 2 h.

Body Centered Cubic

111

001 101

Face Centered Cubic

111

Figure 10. a) Grain orientation map and b) phase identification for the specimen subjected to austempering at 350 °C.
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Figure 12. a,b) TEM bright field micrographs of the specimen treated at
350°C for 2h (B, bainitic ferrite; Raf, retained austenite films). In a)
* indicates the SAED pattern of bainitic ferrite, ** indicates the SAED
pattern of austenite; in b) * refers to austenite SAED pattern.

ferritic plates, both in nanoscale, validating the previous assump-
tions, in agreement with refs. [14,51,52]. Furthermore, TEM
images show the presence of tangles of dislocations within
the bainitic ferrite plates.

For all the observed specimens, TEM failed to detect cementite
both within bainitic ferrite subunits or sandwiched between the
plates, confirming the effective ability of silicon and aluminum to
suppress cementite precipitation.

www.steel-research.de
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the tensile tests).

3.4. XRD

Figure 13 shows the XRD patterns of the samples austempered at
250, 300, 350, and 370 °C for 2 h, with an inset focusing on the
main two reflections, while results of the Rietveld refinement on
the XRD acquired patterns (amount of stabilized retained austen-
ite V,) are shown in Table 2. The amount of stabilized retained
austenite in the alloy increases with the austempering tempera-
ture (from 250 to 350 °C), in agreement with the literature,”*%
thanks to the faster carbon diffusion promoted by the higher
temperature. At higher temperatures (370°C), a decrease in
retained austenite is observed, in agreement with ref. [53].
Figure 14 and Table 2 show also the results of the carbon con-
tent calculation in the retained austenite (x,) and bainitic
ferrite/martensite. Carbon content decreases increasing the aus-
tempering temperature, in agreement with Putatunda et al.*®!
and with the trend of T, curves with temperature.**
Moreover, the evaluation of the carbon content was performed
also for the mixture of bainitic ferrite and martensite and because
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30004 _ _
gﬂ g g g £ & ¢8
s004 %) € g § % 2§ 10001
T DO
;; 2000 ,:.; 750
é 1500 - & z
£ ] g
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A
3007 }\ 250 e
[)_ A R e e
40 50 ) 70 80 90 100 0
Angle 28 (deg) 40 4'5 .—,'0
— 250(2h) —— 300 (2h) —— 3502h) —— 370 (2h)
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Figure 13. a) XRD patterns before tensile tests; b) zoom of the main austenite—ferrite peaks.
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the technique is blind in distinguishing the two tetragonal
phases and an average value is reported. It can be seen that bai-
nitic ferrite mixture is characterized by carbon supersaturation,
in agreement with Caballero et al.>*!

3.5. Tensile Tests and Characterization after Mechanical Tests

In order to shed light on the effect of the isothermal holding tem-
perature, and the microstructural constituents on the mechanical
properties in this medium-carbon, high-silicon steel, the
mechanical behavior tensile tests were performed on the various
samples. The engineering stress—strain curves and tensile prop-
erties are displayed in Figure 15, 16 and Table 3. The best per-
formances both in terms of YS and UTS (1638 and 1988 MPa,
respectively) were obtained for isothermal holding at 250 °C.
Then the greater the holding temperature, the lower both YS
and UTS, in agreement with refs. [23,32]. A different trend is
followed for the fracture strains: first, increasing the austemper-
ing temperature from 250 to 300 °C, an increase in ductility and
total elongation is observed, but for higher holding temperature
strong reduction occurred. Nevertheless, all the samples showed
an excellent strength-to-elongation ratio. Concerning the behav-
ior of the specimens treated at 350 and 370 °C, it is possible to
observe limited plastic deformation and necking with respect to
the previous samples (Table 3), even if it was characterized by a
significant amount of retained austenite (13% and 12%, respec-
tively), similar to sample treated at 300 °C. This phenomenon and

www.steel-research.de
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Figure 15. Engineering stress—strain curves of the specimens treated at
different temperature.

premature fracture is probably related to two aspects: on the one
hand, the incomplete transformation of austenite into bainitic
ferrite leads to the presence of brittle martensite during final
cooling derived that may deplete the mechanical response. On
the other hand, at high temperatures the size of the blocks
and films of retained austenite implies the strain-induced

Figure 16. Low-magnification scanning electron micrographs of fracture surfaces for samples isothermally held for 2 h at: a) 250 °C, b) 300 °C, c) 350 °C,

and d) 370°C.
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Table 3. Results of the Rietveld refinement.

Austempering V, [vol%] X, (Wt9%) V, [vol%)] Xy [WE96]
temperature [°C]

250 6+3 1.22 £0.04 94+£3 0.18 £0.04
300 1M+3 1.01+0.04 89+£3 0.13 £0.04
350 13+£3 0.82 +£0.04 87+3 0.15+0.04
370 1M+3 0.71 £0.04 89+3 0.16 £ 0.04

Table 4. Mechanical properties of CFB steel isothermally treated at
different temperature above M.

Austempering 6o, [MPa] oyrs [MPa] Uniform e
temperature elongation

250 1638 £5 1988 +4 0.31+0.01 0.33£0.01
300 1150+4 1632+5 0.38 £0.01 0.44 £0.01
350 973 +5 1427 +£5 0.22+£0.01 0.22+£0.01
370 886+3 1276+7 0.18 £0.02 0.18 £0.02

transformation phenomena at the early stage of the transforma-
tions!**! because the increase in energy required for crack prop-
agation at high temperatures of bainite formation.”> As argued
by Zhao,"* large blocks present at high temperatures, which low
carbon enriched compared to the films, and contain a large num-
ber of nucleations site for martensitic transformation, tend to
transform at low strain levels favouring the premature fracture.
The driving force for the TRIP effect, in fact, is enlarged as the
size of the blocks increases and the carbon content is reduced.

www.steel-research.de

Thus, both are not able to sustain large elongations and suppress
the cracks propagation that are forming at the interface between
the different microstructural constituents.*® Furthermore, the
superior mechanical behavior both in terms of strength and elon-
gation for the specimen treated at low temperatures should be
ascribed to the thickness of the bainitic ferrite plates. As demon-
strated by Garcia-Mateo et al.,*”) bainitic ferrite represent the
strong phase with the CFB mictrostructure and provide a major
contribute to the the high strength. Compared to retained aus-
tenite it is characterized by high capability accommodate high
plastic deformations, acts as a barrier against the movement
of the dislocations, and hinders cracks initiation and
propagation.

Comparing the mechanical properties of this high-silicon bai-
nitic steel with other results in the literature, it is evident that the
performances are comparable to the ones of steels with similar
microstructure and even superior, considering also the lower car-
bon content® (Table 4).

Low-magnification SEM fractographs of tensile test specimens
are displayed in Figure 16. As evidenced by the micrographs,
specimens isothermally held at 250 and 300 °C reveal a cup—cone
appearance®® confirming the ductile behavior shown also in the
stress—strain curves, and the finer microstructure observed with
SEM. On the other hand, specimens austempered at 350 and
370°C exhibit a brittle fracture surface that does not show a
reduction in the sample area, reflecting the behavior during
mechanical testing and correlated with the presence in the micro-
structure of large martensitic islands.

The fracture surfaces of the tensile specimens were deeply
observed with SEM (Figure 16) also at high magnification.
The fracture surface of specimens treated at 250°C and
300°C was characterized by essentially ductile features with

Figure 17. High-magnification scanning electron micrographs of fracture surfaces for samples isothermally held for 2 h at: a) 250 °C b) 300 °C, c) 350 °C,
and d) 370 °C. White arrows indicate dimples; red arrows indicate quasicleavage facets.
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Table 5. Amount of retained austenite after tensile test.

Austempering temperature V, [vol%)] Reduction [%]
250 243 67
300 343 70
350 8+3 38
370 6+3 47

the presence of dimples (white arrows in Figure 16a,b). In the
samples treated at 350 and 370 °C also quasi-cleavage facets were
present (red arrows in Figure 16¢,d), indicating a brittle fracture
component.

XRD tests were performed on the samples after the tensile
tests (Figure 17) and the amount of retained austenite was
calculated by Rietveld (Table 5). A significant reduction of
retained austenite in all samples resulted in a comparison with
the values reported in Table 2, and this was related to TRIP
effect, i.e., transformation of retained austenite due to strain
application.™*”!

It should be noted that in the specimens treated at 370 and
350°C, the peak of austenite is still present and the reduction
of austenite was less marked. Considering that in these samples
the retained austenite was mainly present in the form of large
blocks, the lower values of both tensile and ductility can be

(a) 3500
s
3000 4 =
=7 = g s 8 7 g
zsm-ﬂ & g i 5 2 g
3 g ;
= 2000
s 1L
£ 1500 A
()
0004 |
AL
Sm-‘jk
()-I T T T T T T
40 50 60 70 80 90 100
Angle 26 (deg)
—— 250(2h) —— 300 (2h) 350 2h) —— 370 (2h)
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Table 6. Specimens Vickers microhardness and nanohardness before and
after tensile stress.

Austempering HVo3 HVos Nanohardness ~ Nanohardness
temperature before after [GPa] before [GPa] before
°q tensile test tensile tensile test tensile test
test

250 509 £ 20 638 £ 30 6.9+0.1 75+0.6
300 487 +9 548 £32 5.6+0.6 6.2+0.5
350 455+23 524 +33 52+04 55+04
370 491 £18 496 + 34 6.0£0.1 6.3+0.6

related to the transformation of the largest and with the lowest
amount of carbon content into martensite at low strain values,
confirming the previous results. The less marked reduction is
suggesting again that the transformation of the blocks provokes
the rupture, with the preexisting martensite without leading to
the hardening and the transformation of the films located within
the sheaves.

In order to better understand the behavior of the samples
treated at 250 and 300 °C, which exhibit the highest performance
in terms of tensile properties and ductility, the microstructure
close to the fracture surface was investigated by SEM
(Figure 18 and 19). The elongated and fractured bainitic sheaves

(b)
|
/
= g
3 ¢ s
%
O
2

Figure 18. a) XRD patterns after tensile tests; b) zoom of the main austenite—ferrite peaks.

Figure 19. SEM image of specimen treated at a) 250 °C and b) 300 °C for 2 h after tensile test. White arrows in the figure indicate fractured and elongated

retained austenite films.
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Figure 20. a,b) Nanoindentation performed on specimen austempered at 370 °C for 2 h.

observed in the samples demonstrate the high capability of bai-
nitic ferrite to accommodate high-strain strains before failure, in
agreement with Kumar.’®) Moreover, the presence of micro-
cracks was only found at interfaces between bainitic sheaves
and martensite blocks and not at austenite boundaries because
thanks to the excellent plasticity of austenite, it is less probable
that cracks initiate and propagate at the interface between
austenite and the other phases.

3.6. Vickers Microhardness and Nanohardness

A progressive reduction in both micro- and nanohardness,
increasing the isothermal holding temperature from 250 °C to
350°C, due to the thicker plates of bainitic ferrite, was found
in agreement with refs. [3,50] (Table 6). Additionally, a higher
amount of brittle hard martensite, formed during the last cooling
to room temperature, caused the hardness increase of the sample
austempered at 370 °C. Performed measurements after tensile
tests lead to observing an increase in hardness, partially due
to strain-induced transformation phenomena (TRIP effect) of
austenite in hard brittle martensite and the strain hardening
induced during the tensile tests, accompanied by an increase
in dislocation density.

In Figure 19, two nanoindentations are displayed on the dif-
ferent microstructural constituents. As expected, martensite
(Figure 19b) exhibits higher hardness compared with carbide-
free bainite (Figure 19a and 20).

4. Conclusions

The effect of different austempering temperatures on a high-
silicon CFB steel was studied. After microstructural investigation
and mechanical tests, it is possible to conclude that:
1) Austempering above the martensite start temperature allowed
to obtain a multiphase microstructure consisting in carbide-free
bainite, with interplate filmy retained austenite, blocky retained
austenite, and untempered martensite; 2) Increasing the austem-
pering temperature produced a progressive coarsening of bai-
nitic sheaves. At 250°C it was possible to observe the lower
amount of retained austenite at room temperature and as tem-
perature increased, the amount of carbon in austenite decreased,
in accordance with other results in literature. The retained aus-
tenite at 250 °C was preferentially with film like morphology,

steel research int. 2023, 2200821 2200821 (11 of 12)

whereas at higher temperature it assumed also a significative
blocky one; 3) In general, the material exhibited excellent combi-
nations of tensile strength and ductility, but it reached the high-
est strength values for the treatment at 250 °C with 33% of total
elongation. This occurs, thanks to the nanostructured thickness
of bainitic ferrite and the strain induced martensitic transfroma-
tion of the majority of the austenite, although the lowest amount
of retained austenite in this sample, compared to those treated at
higher temperatures. 4) Considering the combination of the
mechanical properties, this newly developed steel represents a
good alternative to pearlitic steel used nowadays in railway
applications.
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