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The work deals with a microstructural comparison of the thermomechanically processed and subsequently cold deformed
Nb-microalloyed Si-Al-type multiphase steel, showing a TRIP effect. The newly developed steel was subjected to the
thermomechanical rolling and controlled cooling under the conditions allowing us to obtain a fine-grained ferritic-bainitic
microstructure with a large fraction of the retained austenite. Subsequently, the thermomechanically rolled sheet samples were
subjected to a 10 % elongation in uniaxial tension. The comparison of the multiphase microstructures and, especially, the
identification of the strain-induced martensite were carried out using light microscopy, electron transmission microscopy and
electron scanning microscopy equipped with EBSD (electron backscatter diffraction). Morphological details influencing the
mechanical stability of the retained austenite were indicated.
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Delo obravnava primerjavo mikrostruktur termomehansko obdelanega in nato hladno deformiranega, z Nb-mikrolegiranega
vecfaznega jekla Al-Si, ki izkazuje vedenje TRIP. Novo razvito jeklo je bilo termomehansko valjano in kontrolirano ohlajeno v
razmerah, ki omogocajo doseganje drobnozrnate feritno-bainitne mikrostrukture z velikim delezem zaostalega avstenita.
Termomehansko izvaljani vzorci plocevine so bili nato izpostavljeni 10-odstotnemu raztezku pri enoosni natezni obremenitvi.
Primerjava multifaznih mikrostruktur in posebno dolo¢anje napetostno induciranega martenzita je bila izvrSena s svetlobno
mikroskopijo, elektronsko presevno mikroskopijo in elektronsko vrsticno mikroskopijo, opremljeno z EBSD (Electron
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Backscatter Diffraction). Prikazane so morfoloske podrobnosti, ki vplivajo na mehansko stabilnost zaostalega avstenita.

Kljucne besede: termomehanska obdelava, ucinek TRIP, vec¢fazno jeklo, zaostali avstenit, napetostno inducirani martenzit,

EBSD-tehnika

1 INTRODUCTION

The mechanical properties and technological for-
mability of advanced high-strength steels (AHSS) for the
automotive industry depend on the relative proportions
and mechanical properties of individual microstructural
constituents. Ferrite forms a matrix of AHSS whereas
the strengthening phases consist of martensite and/or
bainite. A very attractive combination of high strength
and ductility can be obtained in dual-phase (DP) steels
consisting of a ferrite matrix and uniformly distributed
martensitic or martensitic-bainitic islands.'* A further
growth of the strength-ductility balance can be obtained
for the steels with a ferritic matrix containing bainitic-
austenitic islands, where the final mechanical properties
are formed during cold working under the conditions of
the strain-induced martensitic transformation of the
metastable retained austenite.>® Multiphase steel sheets
are produced with the continuous annealing of cold-
rolled sheets®” or they are thermomechanically hot rolled
and controlled cooled.®® A further increase in the
strength properties of multiphase steels requires modi-
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fied chemical-composition concepts. Recently, Nb, Ti
and V microalloying has been used to enhance the
strength of multiphase steels®!°, well known for its
beneficial effect in HSLA steels.!'-1
Thermomechanically processed multiphase steels are
characterized by a high-grain refinement. Therefore, the
qualitative and quantitative identifications of individual
structural constituents are especially important. A deter-
mination of the y-phase volume fraction is achieved
using a computer-image analysis after the colour etching,
X-ray or neutron diffraction and magnetic methods.>¢310
Recently, the EBSD technique of a scanning electron
microscope (SEM) has had an essential significance in
determining the fractions and morphological features of
various microstructural constituents.!”"'* Microstructural
details of cold-rolled multiphase steels have been charac-
terized to a sufficient extent.”!'”"' However, there are
very few reports concerning morphological details of
thermomechanically rolled TRIP steels.” Hence, the
present study addresses the microstructure evolution of a
hot-rolled Nb-microalloyed Si-Al multiphase steel.

679



A. GRAJCAR, K. RADWANSKI: MICROSTRUCTURAL COMPARISON OF THE THERMOMECHANICALLY ...

2 EXPERIMENTAL PROCEDURE

The chemical composition of the newly developed
steel was designed with the focus on maximizing the
retained-austenite fraction and obtaining the carbide-free
bainite. The steel contains: 0.24 % C, 1.55 % Mn,
0.87 % Si, 0.40 % Al, 0.034 % Nb, 0.023 % Ti, 0.004 %
S and 0.010 % P. Nb and Ti were used to increase the
strength and to achieve the grain refinement during hot
rolling. The ingot was produced with vacuum induction
melting and then it was hot forged to a thickness of
22 mm. Subsequently, the flat samples were roughly
rolled to a thickness of 4.5 mm within the temperature
range between 1200 °C and 900 °C. The thermomecha-
nical rolling was conducted in 3 passes between 1100 °C
and 850 °C to the final sheet thickness of about 2 mm.
After the final deformation at 850 °C the specimens were
air cooled to 700 °C and then slowly to the temperature
of 650 °C for 50 s using furnace cooling. The next step
included immerse cooling of the sheets at a rate of about
50 °C/s, using a water-polymer medium, to the isother-
mal holding temperature (450 °C) at the bainitic trans-
formation range. The specimens were held at 450 °C for
600 s and finally cooled at a rate of about 0.5 °C/s to
room temperature. Then, standard-sized, AS0 tensile-test
samples with a gauge length of 50 mm and a width of
12.5 mm were cut parallel to the rolling direction of the
sheets and deformed to 10 % of the plastic strain at a
strain rate of 5 x 1073 s~!. Metallographic specimens were
taken at different points along the rolling direction for
both thermomechanically processed samples and those
subjected to cold deformation.

For the purpose of a detailed analysis of all the
microstructural constituents and, especially, to identify
the strain-induced martensitic transformation, light
microscopy (LM), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were used.
Additionally, orientation imaging microscopy (OIM)
using SEM was applied. Etching in a 10 % aqueous
solution of sodium metabisulfite was used. Metallo-
graphic observations at the magnification of 1000-times
were carried out with a Leica MEF 4A light microscope.
Morphological details of microstructural constituents of
the steel were revealed with SUPRA 25 SEM using
back-scattered electrons (BSE). Observations were
performed on nital-etched samples at the accelerating
voltage of 20 kV. The EBSD technique was performed
using Inspect F SEM equipped with Shottky field
emission. After the classical grinding and polishing, the
specimens were polished with ALOs; with a granularity
of 0.1 um. The final stage of the sample preparation was
the ion polishing using the GATAN 682 PECS system. A
fraction of the retained austenite in both the initial state
and after cold deformation, assessed with EBSD (the
average value of five measurements) was determined at a
magnification lower than 3000-times to obtain reliable
quantitative results.

The thin-foil investigations were carried out using a
JEOL JEM 3010 at the accelerating voltage of 200 kV.
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Mechanically grinded disk specimens were polished at
the voltage of 17 V and current density of 0.2 A/cm?.
The mixture of 490 mL H3;PO4 + 7 mL H,SOs + 50 g
CrO; was used as the electrolyte.

3 RESULTS AND DISCUSSION

Applying the thermomechanical rolling and con-
trolled cooling results in a fine-grained ferritic matrix
with a volume fraction of about 60 % containing uni-
formly distributed bainitic-austenitic and austenitic
islands (Figure 1a). The amount of the retained austenite
determined by EBSD is about 13.8 %. The carbon
content (C,) of the y phase determined earlier® using the

Figure 1: a), b) Fine-grained ferritic matrix containing bainitic-auste-
nitic and austenitic islands after the thermomechanical processing and
c) the finest regions of the retained austenite; « — ferrite, B-A — baini-
tic-austenitic islands, yr — retained austenite

Slika 1: a), b) Drobnozrnata feritna osnova vsebuje po termomehanski
obdelavi bainitno-avstenitne in avstenitne otocke in c¢) najdrobnejsa
podroc¢ja zaostalega avstenita; a — ferit, B-A — bainitnoavstenitni
otocki, yr — zaostali avstenit
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Figure 2: Microstructure images of the thermomechanically pro-
cessed steel obtained with EBSD: a) inverse pole-figure map showing
the grains with different crystallographic orientations, b) marked
regions of the retained austenite, c) image-quality map with crystallo-
graphic misorientation angles

Slika 2: EBSD-posnetki mikrostrukture termomehansko predelanega
jekla: a) zemljevid inverznih polovih figur, ki prikazuje zrna z razli¢no
kristalografsko orientacijo, b) oznac¢ena podrocja zaostalega avstenita,
c) zemljevid kvalitete zrn s kristalografsko razlicnimi koti

X-ray analysis equals mass fraction 1.14 %, which
corresponds to lowering the martensite start temperature
of the v phase to about 10 °C. The mean ferrite grain size
is equal to 6 pm and the retained austenite is located
along the ferrite boundaries as blocky grains with the
size up to 5 um. Some retained austenite forms a halo
around the a-phase grains whereas another part is
located at the ferrite-bainite interfaces. A large fraction
of the retained austenite, formed as thin layers or small
blocky grains with the size of between 1 um and 3 pm, is
a constituent of the bainitic islands (B-A) (Figure 1b). A
utilization of TEM reveals the finest regions of the
retained austenite with the sizes from 50 nm to 200 nm
(Figure 1c¢).

Figure 2 is an EBSD map using colour coding for
determining individual grains. The inverse-pole figure
(Figure 2a) shows the crystal direction parallel to the
normal direction of the specimen using the colour coding
according to the unit triangle. The grains of the highest
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size with a random crystallographic orientation can be
recognized as ferrite. In the grey-scale image-quality
(IQ) map (Figure 2c¢) they correspond to the brightest
regions of the best diffraction quality. The IQ factor
represents a quantitative description of the sharpness of
the EBSD pattern. A lattice distorted by crystalline
defects such as dislocations and subgrain boundaries has
a distorted Kikuchi pattern, leading to lower 1Q values.”$
The retained austenite, bainite and grain boundaries are
represented by different levels of dark grey because their
pattern contrast is lower than that of the ferrite. The
color-coded phase map in Figure 2b clearly shows the
distribution of the retained austenite. The BCC
constituents and the retained austenite are distinguished
on the basis of the differences in their crystal structures,
whereas for a discrimination of the bainite from the
ferrite the differences in the IQ values have to be used.
Due to a very small size of the retained austenite, its
phase map is highly fragmented. The grain area of the
retained-austenite particles covers a range of up to 14
um? but the majority of the grains is smaller than 6 um?
(Figure 3). Having the knowledge of the retained-auste-
nite presence and analyzing the IQ map in Figure 2c as
well as the misorientation-angle distribution of the
retained austenite (Figure 4), it is possible to indicate the
bainite regions. Firstly, this phase always occurs in
conjunction with the retained austenite and, secondly,
having high-lattice imperfections, it corresponds to the
dark regions of the low IQ. High-angle boundaries
(> 15°) occur between the ferrite grains, BCC consti-
tuents and the retained austenite as well as between the
ferrite and the bainite (Figure 2c¢). A large fraction of the
retained austenite exhibits a misorientation angle close to
45° with the neighboring BCC constituents (Figure 4).
This is in line with the earlier results obtained by Zaeffe-
rer et al.!"” for the 0.2C-1.4Mn-0.5Si-0.7Al steel and
Petrov et al.”, Wasilkowska et al.!® for the 0.2C-1.5Mn-
1.5Si steel, according to which bainite regions require a
Kurdjumov-Sachs (K-S) or Nishiyama-Wasserman
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Figure 3: Distribution of the retained-austenite grain area
Slika 3: Razporeditev podrocij zrn zaostalega avstenita
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Figure 4: Distribution of the crystallographic misorientation angles of
the grains
Slika 4: Razporeditev zrn z razlicnimi kristalografskimi koti

Figure 5: a), b) Ferritic-bainitic microstructures containing the
retained austenite and strain-induced martensite of the steel strained to
the elongation of 10 %, c) plate morphology of the strain-induced
martensite; ¢ — ferrite, B-A — bainitic-austenitic islands, yr — retained
austenite, M — martensite

Slika 5: a), b) Feritno-bainitna mikrostruktura z zaostalim avstenitom
in napetostno induciranim martenzitom v jeklu z 10-odstotno natezno
deformacijo, c) ploS¢ata morfologija napetostno induciranega mar-
tenzita; a — ferit, B-A — bainitno-avstenitni otocki, yr — zaostali
avstenit, M — martenzit
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Figure 6: Microstructure images of the steel strained to the elongation
of 10 %: a) inverse pole-figure map showing grains with different
crystallographic orientations, b) marked regions of the retained
austenite, ¢) image-quality map with the crystallographic misorienta-
tion angles corresponding to the K-S and N-W relationships; o —
ferrite, ag — bainitic ferrite, B-M-A — bainitic-martensitic-austenitic
regions, ysz — retained austenite

Slika 6: Posnetki mikrostrukture jekla, natezno obremenjenega do
raztezka 10 %: a) zemljevid inverznih polovih figur, ki prikazujejo
zrna z razli¢no kristalografsko orientacijo, b) oznacena podrocja zao-
stalega avstenita, c¢) zemljevid kvalitete z razlicnimi kristalografskimi
koti, ustrezno razmerjem K-S in N-W; « — ferit, ag — bainitni ferit,
B-M-A - bainitno-martenzitno-avstenitno podrocje, ysz — zaostali
avstenit

(N-W) orientation for their growth, confirming a displa-
cive growth mechanism of bainite.

The y-phase content decreases to about 7.7 % after
applying a 10 % tensile strain. It corresponds to the 44 %
initial austenite volume fraction transformed into mar-
tensite due to a strain-induced transformation. Generally,
the strain-induced martensitic transformation initially
proceeds in the largest and medium-sized austenite
grains located in a ferritic matrix (Figure 5a). Martensite
usually forms in the central zones of the grains whereas
the borders remain untransformed (Figure 5b). This
confirms a higher enrichment in carbon of the regions
adjacent to the ferrite grains and a smaller enrichment of
the central austenite regions as a result of a longer

Materiali in tehnologije / Materials and technology 48 (2014) 5, 679-683
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Figure 7: Distribution of crystallographic misorientation angles of the
grains after cold deformation

Slika 7: Razporeditev zrn s kristalografsko razli¢nimi koti po hladni
deformaciji
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Figure 8: Distribution of the retained-austenite grain area of the
cold-deformed steel

Slika 8: Razporeditev podrocij zrn zaostalega avstenita hladno defor-
miranega jekla

diffusion path of carbon. The formed martensite has a
plate morphology (Figure 5c¢) and it contributes to a
fragmentation of the untransformed austenite fostering
its further stabilization due to a reduction in the particle
size. It is clear from Figure 6 that the strain-induced
martensitic transformation is also initiated inside the
largest bainitic-austenitic islands resulting in a further
fragmentation of y-phase particles. Moreover, the
detailed analysis from Figure 6c¢ indicates that the K-S
and N-W relationships are partially kept between the
austenite and the bainitic ferrite. However, the fraction
fulfilling the special crystallographic orientations decre-
ases (Figure 7) compared to the initial state (Figure 4).
The fragmentation of the retained austenite is revealed
through a reduction of the grain-size area below 4 um?
(Figure 8). It should be noted that the fraction of the
grain area changes roughly in proportion to the inverse
of the particle size.
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4 CONCLUSIONS

A detailed identification of the morphological
features of individual microstructural constituents of
thermomechanically processed multiphase steels is a
challenging problem due to a high dispersion of particu-
lar phases. The problem becomes even more complicated
during cold deformation, when the highly dispersed
retained austenite transforms into the strain-induced
martensite. It was shown that the investigated Si-Al
TRIP steel is characterized by a fine-grained ferritic
matrix containing bainitic-austenitic and austenitic
islands. The retained austenite occurs as small blocky
grains or thin layers forming bainitic-austenitic islands.
The strain-induced martensite initially forms in large and
medium-sized austenite grains located along the boun-
daries of the a phase. The transformation is initiated in
the central parts of the grains whereas the border regions
of the austenite remain untransformed. The essential
effect increasing the stability of the retained austenite
against the strain-induced martensite is a fragmentation
of the y-phase regions. This effect is additionally
enhanced by the neighboring bainitic-ferrite laths and the
formed plate martensite creating a hydrostatic pressure
against the deformation progress.
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