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Abstract

Heating experiments in a wide range of heating rates from 10 to 1200 °C/s and subsequent
guenching without isothermal soaking have been carried out on a low carbon steel. The thermal
cycles were run on two different cold rolled microstructures, namely ferrite + pearlite and ferrite +
martensite. It is shown that the average ferritic grain size, the ferrite grain size distribution, the
phase volume fractions and the corresponding mechanical properties (ultimate tensile strength and
ductility) after quenching are strongly influenced by the heating rates and the initial microstructure.
The ferrite grain size distribution is significantly modified by the heating rate, showing a markedly
bimodal distribution after fast annealing. The rise of the heating rate has produced a change in the
relative intensities of texture components, favouring those of the cold-deformed structure (RD fibre)
over the recrystallization components (ND fibre).

Keywords: ultrafast heating, steel, microstructure, texture, grain size, mechanical properties

1. Introduction

Steel industry is nowadays facing the challenge of producing materials with enhanced properties to
meet the safety and fuel efficiency standards of the strict environmental and legal authority
regulations (EU and USA) [1]. The development of Advanced High Strength Steels (AHSS) was a
reaction of the steel industry to these societal needs [2]. The beneficial combination of enhanced
strength and toughness was reached due to unique microstructures generated in this steel family.
Lately, new processing routes, such as the quenching and partitioning (Q&P) and the ultra-fast
heating (UFH) path, attempt to further improve Interstitial Free (IF), Dual Phase (DP),
Transformation-induced plasticity (TRIP) and Martensitic steel (MS) grades. Additionally, the design
of steels via UFH can deliver very high strengths due to the initiation of a mixed and/or synergetic
bainitic/martensitic transformation. The aforementioned new thermal routes carried out in
laboratory [3—6] or in small scale industrial conditions [7] have produced steels with superb
mechanical properties, which evince the large but not yet used potential of the UFH treatments in
steel manufacturing. The heating with very high heating rates is not a new practice in the heat
treatment and it has found its place in the surface thermal treatment of the structural steels for
general application, i.e. steels with carbon content of 0.35 to 0.6 %C (case hardening). However, its
application to sheet materials and low carbon grades like AHSS has not yet been studied in details.
In particular UFH stands out for its adaptability to the steel processing lines. Besides the
improvement of the mechanical properties, UFH offers the opportunity of reducing the annealing
steps for steel sheets and tube production. However, due to a number of technical difficulties of
realization in large scale, UFH is not yet ready for industrial application in the existing continuous
annealing lines.



The grain refinement effect of UFH on low carbon steel has been demonstrated [5,6,8—15]. Muljono
et al. have reported a decrease in the recrystallized ferritic grain size after annealing cycles with
heating rates up to 1000 °C/s [8]. The refining effect was also shown on IF steels [16], where the
average ferritic grain (AFG) size was reduced to certain saturation point of 6 um (at the heating rate
of ~1000 °C/s), above which no further grain refining effect was observed. Such measurements were
found to be consistent with later measurement of ferritic grain size versus heating rate in TRIP
composition steels [6,9-12,14]. The much lower saturated AFG size measured (~1.5 um) in the latter
experiments in comparison to the one measured in IF steel suggests the interaction of the deformed
ferrite with grains of second phase during recrystallization and phase transformation stages.

UFH influences not only the microstructure but the texture of the cold rolled steel [6,9-12,14,15,17].
In UFH treated cold rolled IF steel no general changes in the orientation components are observed
when the recrystallization is finished before the onset of austenite formation [16]. The trends seem
to be similar for low and very low carbon steels [17,18]. However, in cold rolled AHSS with initial
microstructure of ferrite and pearlite after slow reheating (10 and 50 °C/s) the cold rolling texture
changes to the crystallization type texture, which is characterized by a strong {111}{uvw) (ND fibre)
with specific curvature, and in which the RD fibre component {hkI}{110) is almost vanished or quite
weak. Contrarily, the texture of the cold rolled samples reheated at 1000 °C/s and 3000 °C/s remains
almost unchanged even after reheating up to 880 °C keeping the characteristic features of the BCC
cold rolling texture [6,9-11,14]. Petrov et al. [6,9,14] have rationalized the influence of UFH on the
texture as an effect of the stabilization in the recovered structure of deformed ferrite by carbide
precipitates and its contribution to the overall texture. Insignificant changes in rolling texture were
reported also after UFH and quenching of steels with initial microstructure of cold rolled ferrite and
martensite [10,12].

Analysis of the existing literature shows that very fine grained microstructures and correspondingly
high ultimate tensile strength and elongation can be obtained in AHSS after employing fast and
ultra-fast heating rates without isothermal soaking. The heating rates above 1000 °C/s allow
recrystallization to be partially or completely suppressed and the crystallographic texture after UFH
without isothermal soaking remains almost the same as the texture before the UFH treatment. On
the other hand, the experiments in [6,9—11] clearly show that heating rates above 1500 °C/s do not
contribute to grain refinement. However, the thermal treatment cycles reported in the literature
are very difficult for practical implementation and the re-scaling to industrial conditions still remains
a challenge, although the work of Cola et al. [7] shows that it is possible.

The aim on this work is to obtain a better understanding of the effect of heating rates and initial
microstructure on phase transformations, recrystallization, texture and mechanical properties of a
low carbon steel. To study the possibilities for an industrial implementation, all processing
parameters are varied in a range which is considered as realistic for industry [15]. For the present
study, the heating rates have been classified in the following ranges: conventional, (maximum of
10 °C/s), fast (from 10 to 100 °C/s) and ultrafast (higher than 100 °C/s).



2. Experimental

2.1 Material and heat treatments

The chemical composition of the studied steel is shown in Table 1. Steels with this composition are
used as transformation induced plasticity (TRIP) assisted steel for automotive applications.

Table 1. Chemical composition of the studied steel.

C Mn Al Si Fe
0.19 161 1.06 0.50 Rest

The steel sheet of 1 mm thickness and a microstructure of ferrite and pearlite was received in
condition after 50% cold rolling. Two sets of specimens with different initial microstructures were
prepared from the selected steel. The first set of specimens denominated further as (50% F+P) set
was kept in the as-received state, i.e. with the 50% cold deformation. The second set of samples
(denominated as 50% M) was produced by annealing the initial steel sheet in the intercritical
temperature range, where the microstructure consists of 50% ferrite and 50% austenite, and
subsequently water quenched to produce a mixture of approximately 50% ferrite and 50%
martensite. Next, the heat treated sheet was 50% cold rolled. Specimens of 80x25x1 (50% F+P) and
80x20x0.5 (50% M) mm? size were cut from each initial material and subject to different heat
treatments, microstructural analyses and mechanical tests.
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Fig. 1. Representation of the heat treatments: (a) the full thermal cycle and (b) the stages 3 and 4
for the different heating rates.

The phase transformation temperatures Ac; and Ac; of the steel were measured at a heating rate of
10 °C/s in the DIL8O5AD Bahr dilatometer. The measured critical temperatures were Ac;'° = 728 °C
and Acs'® = 923 °C. It was earlier reported that the transformation temperatures depend on the
heating rate as well as on the initial microstructure [18]. Thus, the actual transformation
temperatures for the heating rates above 10 °C/s will be different. Critical temperatures at heating

rates of 400 °C/s and 1000 °C/s could not be measured by dilatometry with acceptable accuracy due
to the instability of the system.



The specimens were subjected to different rapid heating cycles followed by subsequent water
guenching. Motivated by the capacity of current continuous annealing lines [15], it was decided to
study continuous heating cycles with two heating rates as shown in Fig. 1. Each thermal cycle
contains 4 stages. On the first and second stage, the specimens were heated at 10 °C/s to 300 °C
and next isothermally held at 300 °C for 30 s. These stages simulate a preheating stage in some
industrial continuous annealing lines. On the third stage, the specimens were heated from 300 °C
to 860 °C at four different heating rates, 10, 400, 800 and 1200 °C/s, and held at 860 °C for 1.5 s.
The heating temperature was selected to be in the intercritical temperature range, where different
fractions of ferrite and austenite are in equilibrium. The isothermal holding time was strictly
controlled and never exceeded 1.5 s. Finally, the specimens were quenched from 860 °C to room
temperature using Helium gas spray quenching and the cooling rate of ~-130 °C/s was achieved. This
cooling rate is approximately 3 times higher than the critical cooling rate of ~-50 °C/s which is
required to form pure martensitic structure in this steel. This approach allowed us to use martensitic
structure as indication of the formation of austenite during the fast heating experiments. All heat
treatments were carried out in a Gleeble 3800 thermo-mechanical simulator. The specimens are
heated by the electrical current passing throughout the plate specimen and then quenched with a
water spray. The temperature is controlled by means of a “K - type” thermocouple, spot welded to
the midsection of each specimen. A homogeneous heat treated zone with a minimum length of 10
mm was produced in this way. The homogeneity of the temperature in this zone was controlled by
3 thermocouples and after the heat treatment was proved by hardness measurements and
microstructural characterization along the sample length.

2.2 Microstructural characterization
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Fig. 2. Schematic representation of heat treated samples with the position and a drawing of the
tensile sample.

Samples were cut from midsection of each heat treated specimen (as shown in Fig. 2) in order to
characterize the microstructure and properties of the material in zone, which has undergone strictly
controlled temperature-time cycle. For mechanical tests, 3 sub-size tensile samples were cut from



each heat treated specimen parallel to the rolling direction (RD). The gage length and width of the
tensile samples are 3x1 mm?, respectively. The microstructure evolution was followed by Optical
(OM) and Scanning Electron Microscopy (SEM). Samples were prepared according to the standard
procedure, i.e., by grinding and polishing to 1 um diamond paste, and the microstructure was
revealed by etching with solution of 4% HNO; in ethanol (Nital 4%) for ~10 s at room temperature.
Electron backscatter diffraction (EBSD) analyses were performed on samples after grinding and
polishing with final polishing step with 0.035um colloidal silica for 40 min and polishing force of ~5
N. The EBSD patterns were acquired on FEI Quanta™ 450-FEG-SEMoperated at 20 kV, beam current
corresponding to FEI spot size 5 for aperture 30 um and working distance of 16 mm. The sample
was 70° tilted towards the EBSD detector, and the EBSD patterns were acquired with a Hikari
detector operated with EDAX-TSL-OIM-Data Collection V.6 software in hexagonal scan grid with step
size of 50nm.

The orientation data were analysed using the following grain definition: misorientation higher than
5°, minimum 4 points per grain and points with a confident index (Cl) lower than 0.1 were not
considered in data analysis as dubious.

X-ray diffraction analysis was carried out using a Siemens D5000 diffractometer, equipped with Mo
source (A = 0.7107 A). The angular range 20 between 26°and 40° was scanned with a step size
0.03 °/step and time per step 20 s.

Vickers hardness (HVs) was measured on each sample after thermal cycle and the hardness value
was accepted as an average of at least five measurements per sample.

3. Results
3.1 Microstructure

Fig. 3 displays SEM images of the two sets of specimens with different initial microstructures after
cold rolling (Fig. 3a, d), cold rolling followed by heating at 400 °C/s (Fig. 3b, ) and 1200 °C/s (Fig. 3c,
f) to 860 °C and quenching. Typical cold rolled microstructures consisting of elongated grains of
deformed ferrite and pearlite (Fig. 3a) or deformed ferrite and martensite (Fig. 3d) are observed.
After the second stage of the annealing cycle (30 s isothermal holding at 300 °C), no significant
changes in the morphology of the phases in F+P initial material were observed. However, in 50%
cold rolled samples with mixed microstructure of ferrite and martensite the tempering of martensite
takes place. This was noticed by the observation of the well-known structure of tempered
martensite with cementite precipitates (Fig. 4a).



Fig. 3. SEM images of (a) 50% cold rolled F+P microstructure before heat treatment; (b), cold rolled
F+P samples heated at 400 °C/s to 860 °C and quenched; (c) cold rolled F+P sample heated at

1200 °C/s to 860 °C and quenched; (d) samples 50% M microstructure after cold rolling, (e) after
heating at 400 °C/s to 860 °C and quenching and (f) after heating at 1200 °C/s to 860 °C and
guenching. All samples are etched with 4% Nital.

The microstructures after complete annealing treatments in all cases are mixtures of recovered
ferrite (marked by arrows in Fig. 4) and/or recrystallized ferrite, newly formed martensite (light gray-
white areas) and retained austenite. In all cases, different ferrite grain morphologies were observed.
The ferrite phase in the microstructure is composed of large and small equiaxed ferrite grains.
Different morphologies of Widmanstatten ferrite (W) were also observed, probably formed at the
early stages of cooling. Fig. 4c - d shows ferrite plates of different types, according to Aaronson [19].
Notice that a mixture of upper and lower bainite (marked by arrows) is surrounding the ferrite plate
in Fig. 4e.



Fig. 4. (a) 50% cold rolled steel with ferrite-martensite microstructure, heated at 10 °C/s to 300 °C
for 30s and quenched. Tempered martensite (upper and lower grains) and deformed ferrite
(centre);(b) and (c) are 50% cold rolled steel with F+P microstructure heated at 400 °C/s to 860 °C
and quenched. In (b), secondary 'sawteeth' and in (c) intragranular (lenticular) Widmanstatten
ferrite plates are seen.(d) cold rolled 50% M microstructure, heated at 10 °C/s to 860 °C and
guenched showing type B degenerated plates [19]. (e) 50% cold rolled steel with F+P microstructure
heated at 1200 °C/s to 860 °C and quenched, degenerated Widmanstatten ferrite plate surrounded
by upper and lower bainite (marked by arrows), (f) 50% cold rolled steel with F+P microstructure
heated at 800 °C/s to 860 °C and quenched showing partially dissolved pearlite colony.
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Fig. 5. (a) AFG size (lower set, outlined marks) and maximum ferritic grain size (upper set, filled
marks), (b) Martensite phase fraction,(c) Maximum martensite grain size measured by EBSD and (d)
retained austenite (RA) fraction versus heating rate. The annealing temperature and the holding
time are 860 °C and 1.5 s, respectively.

As-quenched martensite is mainly distributed along bands and at grain corners (triple junctions) in
both F+P samples and 50% M samples. Large martensitic blocks normally lock inside one or several
plates of Widmanstatten ferrite. A part of the retained austenite grains is located inside the
martensite blocks, and the other part within large ferrite grains or in grain triple junctions as
spherical particles. Spheroidized cementite (SC) was observed in areas of unrecrystallized ferrite and
inside martensite blocks. In 50% cold rolled F+P material heated at 800 °C/s, partial decomposition
of the pearlite structure into austenite (transformed into martensite on cooling) was observed (Fig.
4f).

For further analysis of the microstructure the transformation products of the austenite formed
during heating will be referred to as “martensite”, even though it is very clear that their
microstructure is much more complex, as it was shown above. The resulting average ferritic grain
(AFG) size is shown in Fig. 5a (lower set of curves). There is a noticeable decrease of the AFG size as
the heating rate is raised up to 400 °C/s. The decrease of the AFG size with increasing heating rate
is better pronounced in the steel with initial F+P microstructure. At heating rates of 400 °C/s and
higher, the AFG size tends to reach a plateau, and the grain refining effect is negligible. The grain
refining effect in the samples with 50% M is weaker than in the F+P samples in the same range of
heating rates. The martensite grain size was also influenced by the heating rate.

The fractions of martensite at different heating rates are shown in Fig. 5b. The phase fractions are
influenced by the heating rate in all cases, and the samples with 50% M initial microstructure display
lower sensitivity of the martensite fraction to the heating rate in comparison to the F+P samples.
Nonetheless, the shape of the two curves is similar, and they both show a risen the formed
martensite fraction as the heating rate is increased up to 800 °C/s. At the heating rate of 1200 °C/s
martensite fractions drop down, because the fraction of the transformed austenite during heating
decreases due to the shift of the Acs; temperature towards higher values. A somewhat similar
variation of the retained austenite (RA) fraction was measured. Cold rolled F+P initial microstructure



displays similar dependence of RA fraction on the heating rate, with an increasing tendency up to
800 °C/s and then an abrupt decrease (Fig. 5d). Similar tendency is observed in the samples with 50%
M initial microstructure with the maximum RA fraction at 400 °C/s (Fig. 5d).

3.2 Texture
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Fig. 6. Main BCC texture components shown in ¢, = 45°section of the Euler space.

Fig. 6 shows the key for the main BCC texture components in ¢, = 45° section of the Euler space.
Fig.7 displays the calculated Orientation Distribution Functions (ODF) at ¢, = 45° for ferrite in
samples with both F+P and 50% M initial microstructures for heating rates of 10 °C/s and 1200 °C/s.
The cold rolled samples with F+P initial microstructure (Fig. 7a,b,c) have noticeable texture
variations with increasing heating rate, whereas 50% M samples (Fig. 7d,e,f) show weak texture
intensities after all thermal cycles. The initial textures after cold rolling (Fig.7a,d) show alpha
{uvw}(110) and gamma {111}{uvw) textures with pronounced maxima in the vicinity of the
{111}110) components of ~6 mrd (multiples of random density) and weaker {112}(110) with
intensity of 2.7 mrd for the F+P samples. The texture of 50% M samples is represented mainly by
gamma {111}uvw) fibre with maximum of 2.7 mrd in the vicinity of the {111}{112) texture
component. Both textures are similar and typical for low carbon steels after cold rolling. After the
first stage of annealing (300 °C for 30 s) no significant variations in the texture morphology are
observed, compared to the texture of the cold rolled steel. The minor variations in the texture
intensities can be associated to the statistical variations of the data.

The texture of the 50% F+P samples heated at 10 °C/s shows components with maximum intensity
on the gamma fibre {111}{uvw) texture components of 2.7 mrd. This specific curved shape of the
gamma fibre texture is associated with the recrystallization texture in mild steels [20]. As the heating
rate is increased to 1200 °C/s, the texture is similar to the one after cold rolling with even similar
intensities of the alpha {uvw}{110) and gamma {111}{uvw) fibres. Besides the change in the
predominant components with the heating rate, the maximum intensity value also increases with
increasing heating rate (Fig. 7d).

10



4

As-rolled 300°C,30s 860 °C, 10 °C/s 860 °C, 1200 °C/s
\ = \\-\ = N/ C R VR
® \ % % T
a N\ N ( @
o . ; N\ \
X : .
o
m -
_ Z —
\ a b =& - d
| // 8 \ LY ¥ s 10.000
y = ) \ ) ) ¢ 7 TS e 7.743
X \ S y e 5,995
> ~ ‘ N By €. 4642
NS — N " o AN 3.294
o 2783
n 2154
: ———~ e 1,668
) 127 TN — 1.202
e f — \& — 1,000
As-rolled 300°C,30s 860°C,10°C/s 860°C, 1200 °C/s

Fig. 7. ODFs at ¢,= 45" of ferrite in both samples after 50% cold rolling and heat treatment as follows:
(a), (e)-initial texture after 50% cold rolling; (b) ,(f) -specimens held at 300 °C for 30 s then quenched,
(c), (g)- heated at 10 °C/s to 300 °C and held for 30 s then heated at 10 °C/s to 860 °C held for 1.5 s
and quenched and (d), (h)- specimens heated at 10 °C/s to 300 °C and held for 30 s then heated at
1200 °C/s to 860 °C for 1.5 s then quenched. (a), (b), (c) and (d) initial microstructure of ferrite and
pearlite, (e), (f), (g) and (h) initial microstructure ferrite and 50% M.

Very similar effect of the heating rate on texture is observed in the samples with 50% M initial
microstructure. Besides that the alpha—gamma-alpha phase transformation took place after
reheating at 1200 °C/s to 860 °C and quenching, the texture (Fig. 7d, h) remains with similar
morphology and intensity like after cold rolling or cold rolling and annealing at 300 °C for 30 s.

These observations are indication that after reheating with heating rates as high as 1200 °C/s the
recrystallization of the cold rolled structure is strongly suppressed.

3.3 Tensile tests

The ultimate tensile strength (UTS) and elongation to fracture were determined in all heat treated
specimens, and the data is shown in Fig. 8. In all materials, the UTS increases with increasing heating
rate up to 800 °C/s, then it drops. As with the hardness measurements, the highest values of UTS
were measured in 50% M samples. In this case, the sensitivity of the UTS to the heating rate is higher
for the range between 10 °C/s and 400 °C/s for 50% M samples, in comparison to the F+P samples.
The 50% M samples show an increment of ~200 MPa from 10 to 800 °C/s heating rate. The final
elongation also shows a marked increment between 10 and 400 °C/s, similar to the UTS values.
Above 400 °C/s, the elongation to fracture is in the range between ~25% and ~30% for 50% F+P, and
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between ~16% and ~22% for 50% M material. 50% F + P material shows higher ductility than 50% M
for all heating rates.
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Fig. 8. (a) UTS values and (b) elongation to fracture versus heating rate. The annealing temperature
and the holding time are 860 °C and 1.5 s, respectively.

4. Discussion
4.1 Ferrite recrystallization and growth

In order to distinguish ferrite from martensite, average EBSD image quality (IQ) maps were used to
assess both phases. Recrystallized ferrite normally produces high 1Q patterns, whereas martensite
produces lower quality patterns. Fig. 9c shows the histogram obtained from the plot of average IQ
versus the area fraction of the grains. The phase identification was thus straightforward, since the
microstructure after has a bimodal distribution. The data was subsequently divided in high average
IQ data (red bars), which corresponds to ferrite, and low average 1Q data (green bars) corresponding
to martensite. Calculations of the average grain size and texture were, therefore, carried out in each
phase separately.

A relatively uniform distribution of equiaxed grains of ferrite was observed in material heated at
10 °C/s. However, as the heating rate is increased, large isolated elongated grains seem to stand out
from the matrix. The formation of such large grains influences the histograms of grain size
distribution shown in Fig. 10. Blue curves represent material heated at 10 °C/s, whilst red curves
represent material heated at 1200 °C/s. It can be readily noticed that the increase in the heating
rate shifts average grain size towards lower values. Nevertheless, the most remarkable feature in
red curves is the change in the shape of the histogram. At first glance, blue curves have 2 peaks, one
small at around 2,5 um and another at larger grain size. Red curves show that, after UFH at 1200 °C/s,
the first peak grows in intensity with respect to the second peak. This means that the fraction of
finer grains has increased, whereas the second peak is still noticeable in all red curves. The grains
that recrystallized first during heating and had more time to grow are larger and
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selected area of the IQ map in (a), (e) inverse pole figure (IPF) and (f) phase map of the selected
area. Step size 50 nm.

represented by part of the curve that contains the second peak. EBSD data clearly shows that these
first recrystallized grains have grown by the mechanism of coalescence [20,21].

Evidence of the coalescence of ferrite grains is shown in Fig. 9e. The misorientation angles (MA)
between 15 and 63° are marked by black lines, whereas the MA between 5 and 15° are outlined in
white. Arrows in the Inverse Pole Figure (IPF) map show grains with similar orientation, although
some small variations within the grains are noticeable. Such variations are in all cases lower than 5°.
The large elongated grains have grown by the coalescence of smaller grains. The grains that seem
to fast coalesce into large aggregates have, in most cases, MA below 15°. Grain boundaries with MA
greater than 15° (HAGBs) seems not to be preferred to coalesce into large ones. Thus, the growth
of fast coalesced grains will produce grain morphologies of irregular shape which, in most cases, is
different from morphology of the equiaxed ferritic grain. Nonetheless, such morphologies can be
easily rationalized assuming the coalescence mechanism. Similar, coalesced grain structure can be
observed in all micrographs of fast annealed experiments in Fig. 3 (CF), although not as evident as
in EBSD maps. In some cases, large single coalesced ferrite grains contain RA or martensite grains
inside, as marked by yellow arrows in Fig. 9f. It is believed that, during heating, small pearlite
colonies are trapped as result of the coalescence of ferrite grains. After the temperature of
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transformation is reached, austenite is formed and it is retained or transformed to martensite during
further quenching.

——50% F+P (10°C/s)
—— 50% F+P (1200°C/s)
- - - 50%M (10°Cs)

- - - 50% M (1200°Cls)

Area fraction

0.0

T T T T

0 2 4 6 8 10
Diameter (um)

Fig. 10. Plot of grain diameter versus area fraction of grains. Data obtained from EBSD
measurements. Solid and dashed lines represent 50% F+P and 50% M, respectively.

Although the amount of cold deformation apparently influences the maximum size of recrystallized
ferrite grains (Fig. 5a), once it reaches a saturation heating rate (around 400 °C/s), it does not seem
to be strongly affected by the heating rate. Considering that the largest grains are probably the first
ones to recrystallize, it is possible to state that heating rate has either a narrow effect on the kinetics
of recrystallization or that larger grains grow noticeably fast (irrespective of heating rate) until they
impinge some sort of barrier that hinders further advance of the interface. It is well known that
heating rate has actually an influence on the recrystallization starting temperature (Tr) [8,16,22,23]
and on the recrystallization kinetics [8,23,24]. In spite of that, the current experiments are not
conclusive regarding such parameters of ferrite recrystallization. It is believed that the size of the
largest recrystallized grains is influenced primarily by the phase distribution in the initial
microstructure. Moreover, it has been acknowledged that fine particles can act as barriers for the
migration of grain boundaries [20,25]. Such interaction can take place during the tempering of
martensite, and might as well explain the flat size profile measured in 50% M initial microstructure
samples (Fig. 5a).

A modification of the recrystallization response of the material is certainly triggered by UFH. This
statement becomes even more evident after establishing that the size of larger ferritic grains are
slightly affected by the heating rate, particularly in 50% M initial microstructure. Previous
experiments on the same steel with 50% F+P microstructure have revealed a decrease in the
recrystallized fraction with increasing heating rate [11]. The most significant contribution to the
grain refinement, therefore, lies in the grains that have 'recovered' structure and the grains that
have recrystallized later, at higher temperatures. Areas of recovered structure were observed in all
samples treated above 10 °C/s. These areas are characterized by groups of small grains (having size
less than 1 um), as indicated by white arrows in Fig. 4. It is believed that such areas correspond to
recovered ferrite for two reasons that stem on EBSD data. Firstly, because of the presence of low
angle grain boundaries; and secondly, EBSD data of these zones have revealed 1Q values comparable
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with those of recrystallized grains. Recovered grains should not be misled with large coalesced

grains (marked by arrows in Fig. 9e).

4.2 Texture after UFH
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Fig. 11. Intensities of selected orientation components of 50% F+P initial microstructure in RD fibre
(a) and ND fibre (b) versus heating rate.

The texture intensity in 50% M samples is very weak, as it was also reported in early works [6,10—
12]. However, a slight increase in the maximum intensity of components of ND-fibre was measured
as the heating rate is raised. The most noticeable features were, however, measured in samples
with 50% F+P initial microstructure. Texture components are in fair agreement with previous results
on TRIP composition steels [6,9-11]. The orientations observed after the second stage of the
annealing cycle (30 s at 300 °C, Fig. 5b and f) suggest that recrystallization has not yet been activated.
Only recovery has taken place at that stage. Although it has been established that the heating rate
does not affect significantly the recrystallization textures in low carbon and IF steels below A;
[16,17,26], it seems that this might not be true for TRIP composition steel. Fig. 11a shows the
evolution of some components of alpha and gamma fibre in 50% F+P initial material. At lower
heating rates, ND fibre components have slightly higher intensities than the components of alpha
fibre. As the heating rate is increased, alpha fibre components are growing in intensity whilst ND
fibre grains display a relatively constant intensity. At 1200 °C/s, ND fibre components have
decreased intensities. It is well accepted that alpha fibre store less deformation energy than gamma
fibre components [27-29], thus having less driving force for recrystallization. At lower heating rates,
such low stored energy grains are consumed by recrystallized ND fibre grains which may have
growth advantage (first nucleate — first grow). However, high heating rates could trigger the
conditions for these RD fibre grains to reach the onset or recrystallization [22,23]. It is also
reasonable to expect that a fraction of low stored energy grains will only activate the recovery,
which contributes to the raise in the intensity of RD fibre components. Examples of recrystallized
and recovered RD fibre grains can be observed in Fig. 9e (red grains). In consequence,
recrystallization and growth of RD fibre grains might occur at higher temperatures, compared with
most favourable ND fibre grains, and hence increasing the intensity of RD fibre components.
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Notice that the change in the ferrite grain size distribution (Fig. 10) can serve as an indirect evidence
of the change in the recrystallization behaviour described in the former section. At lower heating
rates, the early recrystallized ND fibre grains (second peak from left to right) will grow at the expense
of RD grains and therefore produce larger AFG. As the heating rate increases, the fraction of smaller
grains (first peak) becomes much more significant, since the RD fibre grains with low stored energy
are either able to reach the onset or recrystallization and thus nucleate new ferrite grains or
rearranged into recovered low misorientation angle subgrain structure.

Widmanstatten ferrite grains also contribute to the overall ferrite texture. Nevertheless, its volume
fraction is too low to have a significant contribution to the texture. The predominant orientation
component in RA in all cases was the brass component (110)[112]. A faint copper component
(112)[111] was measured with a maximum of around 1/6 of the intensity of the brass component.
Both match the typical orientations of deformed austenite [30]. At the intercritical region, the
transformation of austenite can only take place at the ferrite/cementite interface. Therefore, the
orientation of ferrite-cementite aggregates that are retained to intercritical temperatures will
determine the orientation of RA.

4.3 Austenite transformation

According to equilibrium calculations, the relative volume fraction of austenite at 860 °Cis 60%. The
measured phase volume fractions are thus close to the equilibrium value, in spite of the short
annealing time. UFH experiments have produced curves of austenite formation with a maximum of
austenite volume fraction at intermediate heating rates, as shown in Fig. 5b. Similar shape in
martensite fraction versus heating rate has been measured at 825 °C [11].

In order to evaluate the contribution of the heating rate to the kinetics of austenite formation,
calculations with the Dictra software were performed. The software solves the one-dimensional
moving boundary problem by calculation of local equilibrium conditions in each time step. It was
assumed an initial volume of radius equal to 2.5 um (in accordance with the maximum martensite
grain size measured by EBSD, Fig.5c). Only the heating and the holding stages at the intercritical
range (stages 2 and 3, respectively) were simulated. The dissolution of cementite was assumed to
be complete at 724 °C. The initial fraction of austenite was calculated with ThermoCalc (database
TCFE6). The value was then corrected assuming that carbon does not contribute to the volume
change in the system. Corrected volume fractions correspond to a value close to the initial pearlite
fraction in 50% F+P microstructure. The quenching stage was not considered in the calculations. The
results are shown in Fig. 5b (semi dotted-dashed line).

The calculated variation of the austenite fraction was virtually unaffected by the heating rate. The
simulated curve seems to fit slightly better the 50% M initial microstructure, probably because the
assumption of fully dissolved cementite is more appropriately approached by a finer cementite
distribution product of the tempering of martensite. The deviations observed at low and high
heating rates are therefore likely to be related with the variables that were not taken into account
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in the simulations, such as nucleation rate, cementite coarsening and transformation of ferrite
during cooling, as demonstrated in Fig. 3 and Fig. 4. The largest austenite grains are probably the
ones that nucleated first, and thus had the longest time for growth. Consequently, if the kinetics of
transformation is calculated after the overall reaction time, the results should fit better the
maximum grain size, instead the average value, for instance. Such approach has been previously
applied to the calculation of the plate growth kinetics of Widmanstatten ferrite and bainite in carbon
steel [31]. The maximum martensite packet size is normally of a length comparable to the diameter
of the parent austenite grain. It seems, thus, reasonable to relate the intercritical austenite growth
kinetics to the largest martensitic grain, as shown in Fig. 5c. In the range from 400 to 1200 °C/s, a
decreasing tendency is observed. This might be caused mainly by the delayed austenite nucleation,
or the so-called 'shifting' of the intercritical curves triggered by the heating rates. Previous
experiments [32] have shown that, when the transformation starts from initial martensitic structure,
the effect is less pronounced. One could estimate the effect of the heating rate in the carbon
gradient in austenite for anisothermal (peak annealing) experiments in the intercritical (a+y) region
with known parameters. The following analysis is only valid for austenite on heating and/or soaking.
For simplicity, the sharp interface model is accepted and capillarity effects and volume changes
associated to transformation shall be excluded. Let us define the final carbon gradient in austenite
as

aAx  xJv—xUe

Ay AL
where AX /Ay is the carbon gradient for the isothermal formation of austenite at some temperature
within the intercritical (a+y) region, X,?/V is the carbon content (mole fraction) of austenite in
equilibrium with cementite, Xé’/“ is the carbon content (mole fraction) of austenite in equilibrium
with ferrite and AL is the width of the austenite grain. The radius of the austenite grain will be
defined by some average velocity 7 of the interface during the time interval At

AL

— 2
At

U=

The velocity of the austenite-ferrite interface shall be determined by the mobility of the austenite-
ferrite interface and the chemical driving force for the growth stage, as defined elsewhere [33].
Solving for AL

and replacing in (1)

Ax  xJ—xy®
Ay At-D

in the case of anisothermal transformation under constant heating rate, the following definition can

4

be made
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AT
- 5
A At
where B is the constant heating rate and AT is the temperature range of the onset to the stop
austenite formation. For the case of the present experiments,

ATZTP_ACl 6

being T, the peak temperature (860 °C) and A, the onset of austenite formation. Eq. (4) can thus
be expressed as

6
ax _ p(x" — x1') ,
Ay (Tp —Ac1) v

It’s interesting to note that, assuming ¥ as constant in the entire temperature range defined in Eq.
(6), Eqg. (7) predicts a value of AL depending on the factor (T, — A¢1)/B. Ac1 is known to increase
with B [18,32], thus, a steeper effect can be predicted. A simple linear relation between the
equilibrium temperature A; and A, could predict the variation shown by the dashed line in Fig 5c,
which is decreasing over the UFH region, in agreement with the measured variation of maximum
martensitic grain size with heating rate for both initial microstructures. The calculated diameters in
Fig 5¢ (dashed line) were computed with the maximum interface velocity obtained with DICTRA (Fig.
12a). The value of © might as well be estimated numerically from Fig. 12a, assuming that

1 tr
V=—— v-dt 8
(tr—t) )y,
where t; and t; represent the onset and the finishing of the austenite formation and v is the

instantaneous velocity of the y—a interface. The calculated carbon gradient is shown in Fig 12b.

The modification in the cementite structure is also playing a role in the lower maximum diameter
values and phase fractions of martensite at 10 °C/s. In F+P initial material, it was found that the
cementite lamellas were almost fully spheroidized after 10 °C/s. It has been stated [34,35] that the
nucleation of austenite in spheroidized microstructures takes place at the sites where the cementite
is in contact with grain boundaries between two adjacent ferrite grains. Thus, not all the
cementite/ferrite boundaries will serve as an active nucleation site for austenite. It is reasonable to
expect that recrystallized and spheroidized structure, as in samples of both initial materials heated
at 10 °C/s to 860 °C, will have less potential nucleation sites for austenite than partially deformed
F+P microstructure in specimens treated at higher heating rates. The reduced number of active
nucleation sites will substantially reduce the diameter and fraction of transformed austenite. For
this reason, is Eq. 7 is unable to predict the actual variation of austenite diameter in the range of
conventional heating rates (below 10 °C/s). At higher heating rates (above 400 °C/s, Fig. 4f), the
pearlitic structure was virtually not modified before reaching the intercritical range, hence the
available pearlite/pearlite and pearlite/ferrite boundaries for austenite nucleation was kept
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constant and, thus, the main factor affecting the diameter and austenite phase fraction is the
heating rate, as previously described. In 50% M initial microstructure samples, the Ostwald ripening
of tempered carbides at lower heating rates may be producing an effect similar to spheroidized
cementite in 50% F+P initial microstructure. At heating rates above 400 °C/s, the heating rate plays

the most important role.
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Fig. 12. (a) DICTRA simulations if the velocities of the y—a interface versus temperature at different
heating rates and (b) carbon gradient versus heating rate, as calculated from Eq. (7) and Eq. (8)
assuming A¢; = A, + pf, with p = 0.01s. The other parameters used where X2V — x!/* = 0.038,
Tr = 860 °C and A; = 730 °C. All thermodynamic parameters where calculated using ThermoCalc
software, database TCFE6.

Eq. (7) describes the influence of heating rate on the gradient of carbon produced in austenite after
peak annealing. It is clear that for heating rates infinitely low, carbon gradients should be inexistent
due to the factor B. The carbon gradient is expected to grow for high heating rates until,
(Tp — A¢1) =0, which determines the maximum carbon gradient. Above this limit, the
transformation has not taken place. Hence, carbon gradient can be reasonably expected in peak
annealing experiments after certain intermediate heating rate, as shown by Fig. 12b, and it should

become steeper as the heating rate is increased.

Cementite dissolution was incomplete after all thermal cycles. This is also indirectly confirmed by
the calculated carbon content in austenite by XRD. In all cases, a consistent value of ~1.1 %C was
estimated [36]. According to calculations with Thermo-Calc, the carbon content of austenite in
equilibrium with cementite at 860 °Cis 1.19 %C.

4.4 Mechanical properties

Results of tensile test show that the UTS of the material after UFH cycles is primarily influenced by
the phase fraction of ferrite and then by the ferritic grain size. The general shape of the variation of
the UTS with the heating rate (Fig. 8a) is largely similar to the martensite fraction (Fig. 5b). The
highest UTS values were recorded for 50% M initial microstructure, which shows the finest average
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ferritic grain size. 50% F+P microstructure has in most of the points approximately 50 MPa lower
strength than 50% M microstructure. Such values are also consistent with the hardness
measurements. In 50% M samples, a relatively flat AFG and martensite fraction variation with the
heating rate may satisfactorily explain the variations in UTS. 50% F+P samples have more significant
variations in AFG size and the martensite fraction, and the strength is lower at most of the heating
rates.

The variations of the elongation at fracture with the heating rate display a tendency similar to the
variations in UTS values. However, 50% F+P material shows higher ductility than 50% M, consistent
with the higher UTS values of 50% M samples shown in Fig. 8a. Analysis of fracture surfaces has
shown that the ductility of martensite is playing an important role in the overall deformation
behaviour of the tensile specimens. Each picture in Fig. 13 illustrates, on the left hand side, the
fracture surface of tensile specimens and, on the right hand side, the microstructure corresponding
to 50% F+P (13a, 13b and 13c) and 50% M (13d, 13e and 13f) after different thermal cycles. Figs 13a
and 13d, which correspond respectively to 50% F+P and 50% M treated at 10 °C/s, clearly show
areas that accumulates large and small amount of plastic deformation during the fracture process.
By comparison between left and right hand sides on the aforementioned images, one can conclude
that the areas that are heavily deformed correspond to ferrite and the rest are martensite. Figs. 13b,
13c, 13e and 13f, which correspond to heating rates of 800 °C/s (Figs. 13b and 13e) and 1200 °C/s
(13c and 13f), are showing a more homogeneous distribution of strain in the microstructure. By
analogy, this indicates that the martensite (or the martensite-bainite aggregates) are withstanding
higher strain levels, compared to martensite aggregates in material of both initial conditions heated
at 10 °C/s. In contrast, the fraction of ferrite is lower at heating rates above 10 °C/s, as indirectly
displayed in Fig. 5¢c. Therefore, the amount of strain that the other constituents (martensite, bainite,
retained austenite) undergo becomes more significant during necking and fracture.

It is reasonable to state that heterogeneous nature of the microstructure after UFH has a noticeable
impact on the mechanical properties. This has been shown in other systems as well [37,38]. The
specific deformation behaviour of the martensite-bainite aggregates is consequence of the
composition and morphology of the austenite. As shown in Fig. 12b, carbon gradients can be
reasonably expected in UFH experiments. It is, thus, also reasonable to conclude that the heating
rate has a noticeable effect on the strength and ductility. Additional microstructural constituent like
retained austenite (and a subsequent TRIP effect) could also play a role in the variation of the
strength and ductility [39—41]. Furthermore, the unique microstructural features resulting from UFH,
such as the described carbon gradients in austenite and partial restoration processes [3,28,29],
significantly affect the mechanical properties of the material.
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Fig. 13. Fracture surface of the material after tensile test. (a), (b), (c) correspond to 50% F+P and (d),
(e), (f) correspond to 50% M initial microstructure, respectively. (a) and (d), (b) and (e), and (c) and
(f) correspond to samples heated at 10 °C/s, 800 °C/s and 1200 °C/s, respectively. In each image, the
right hand side half corresponds to the microstructure before tensile test.

5. Conclusions

Heating experiments in a wide heating rate range (10 - 1200 °C/s) were carried out on an Fe-0.2C-
1.6Mn-1.06Al steel with two different initial microstructures and the results are summarised as
follows:

The kinetics of ferrite to austenite transformation in the intercritical range is strongly influenced by
the heating rate. It was shown that, in anisothermal (peak annealing) experiments, carbon gradients
in austenite are to be expected above certain heating rate and will become steeper as the heating
is increased up to a defined limit. Carbon gradients are playing a major role in the mechanical
properties of the studied steels.

Thermal cycles under different heating rates produced a bimodal distribution of the ferritic grain
size. The appearance of the bimodal grain size distribution depends on the initial microstructure and
the recovery and recrystallization processes during ultra-fast heating.
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It was confirmed that UFH significantly contributes to the grain refinement when heating rates
above 10 °C/s are applied. The effect of UFH in the decrease of ferritic grain size is more pronounced
in ferrite and pearlite initial microstructure.

Increasing heating rate strongly affects the relative intensities of texture components, favouring
those of the cold deformed structure (RD fibre) over the recrystallization components (ND fibre).
This is an indication that after reheating with heating rates as high as 1200 °C/s the recrystallization
of the cold rolled structure is suppressed.

The subsequent increase in the heating rate has produced an improvement in both strength and
ductility at heating rates up to 800 °C/s ; when heating rates are 1200 °C/s, the UTS and elongation
at fracture decrease. Such behaviour is primarily associated with the carbon gradients in austenite
formed during UFH experiments, which defines the features of martensite-bainite aggregates and
its fraction in the microstructure.

The initial microstructure strongly influences the properties after UFH. After all thermal cycles, the
steels with microstructure ferrite and pearlite displayed higher ductility and lower strength than
steels with 50% ferrite - 50% martensite initial microstructure.

It was found that, besides the tempering of martensite in the 50% M samples, the slow heating at
10 °C/s and holding at 300 °C for 30 s does not modify the overall texture nor the cementite
morphology in F+P initial microstructure. This finding is important from a viewpoint of potential
industrial application of the UFH because it gives more degree of freedom in the design of the
heating devices.
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