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Abstract: The adoption of the ultrafast heating (UFH) process has gained much attention in the
last few years, as the green energy and minimization of CO, emissions are the main aspects of
contemporary metal science and thermal treatment. The effect of ultrafast heating (UFH) treatment
on carbon steels, non-oriented grain (NGO) electrical steels, and ferriticor austenitic stainless steels is
reported in this review. The study highlights the effect of ultrarapid annealing on microstructure and
textural evolution in relation to microstructural constituents, recrystallization temperatures, and its
effect on mechanical properties. A strong influence of the UFH process was reported on grain size,
promoting a refinement in terms of both prior austenite and ferrite grain size. Such an effect is more
evident in medium-low carbon and NGO steels than that in ferritic/austenitic stainless steels. A
comparison between conventional and ultrafast annealing on stainless steels shows a slight effect
on the microstructure. On the other hand, an evident increase in uniform elongation was reported
due to UFH. Textural evolution analysis shows the effect of UFH on the occurrence of the Goss
component (which promotes magnetic properties), and the opposite with the recrystallization g-fiber.
The recovery step during annealing plays an important role in determining textural features; the
areas of higher energy content are the most suitable for the nucleation of the Goss component. As
expected, the slow annealing process promoted equiaxed grains, whereas rapid heating promoted
microstructures with elongated grains as a result of the cold deformation.

Keywords: ultrafast heating; heat treatment; carbon steels; stainless steels; NGO steel; microstructure

1. Introduction

In recent years, the application of ultrafast heating (UFH) treatment has gained con-
siderable attention from both the academic and industrial communities [1]. Such a heat
treatment is enabled by the possibility to electrically heat metallic materials by an electro-
magnetic induction process based on Joule heating through heat transfer passing through
an induction coil, generating an electromagnetic field. The rapidly alternating magnetic
field penetrates the object, generating so-called eddy currents inside the metallic compo-
nent. Such currents flow through the resistance of the material, thus heating it by the Joule
effect. UFH could strongly optimize industrial production processes in terms of time and
consequently productivity [2-5]. Results very near to industrial applications were reported
by Cola Jr. in AISI 8620 and in bainitic steels [6,7], but the most important limit appears to
be related to UFH rates with respect to conventional steel-processing lines [8].

UFH is a process based on induction heating (IH) that is widely used to heat-treat
specific areas more rapidly, and at a lower cost and lower amount of energy consumption
compared to conventional heat treatment methods [8,9]. The inductive heat treatment
offers several advantages over conventional heat treatments using a furnace, such as short
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processing times, high flexibility, and localized annealing [10-12]. The temperature varia-
tion over time of the annealing process is represented by the parameter of heating rate (HR).
Variation in HR affects the phase transformation kinetics and steel properties; an increase
in terms of HR raises the «/y transformation temperature, thus leading to austenitic grain
refinement [13-16]. At the same time, an increase in phase transformation temperatures [17]
reduces the carbon amount that can be dissolved in austenite, thus lowering steel hard-
enability [6]. In addition, during fast heating, the solubility of carbonitrides and pearlite
areas is also evidently dependent on heating time and not just temperature, as what usually
happens in conventional annealing processes [18,19].

Concerning carbon steels, UFH can be adopted in the austenitization process step
(before quenching and tempering) [20-29]. In the case of austenitic stainless steels, UFH
is a promising method to be applied after cold rolling to promote grain refinement [30],
leading to an increase in terms of mechanical properties [31-33].

In carbon steels, the application of UFH inhibits the dislocation rearrangement that
is typical of recovery [33-36]. Hence, recrystallization occurs in direct competition with
austenitization [37-39]. The final microstructure of a steel subjected to UFH strongly
depends on heating rate and peak temperature [40,41]. In the case of a high HR and
inadequate peak temperature, a not fully recrystallized microstructure is achieved [42,43].
When conditions instead allow for complete recrystallization, the microstructure shows a
morphology resulting in plastic deformation.

Since recovery is usually negligible in the case of austenitic stainless steels, the im-
mediate start of recrystallization during UFH does not imply significant changes in the
mechanism [44]. Ferritic stainless steels, instead, show a final microstructure comparable
with that of industrial products [45,46], with a fully recrystallized structure and equiaxed
grains for appropriate temperatures [47-51].

The aim of this review paper is to highlight trends in variation in the above-mentioned
properties with heating rate, and to predict their behavior when possible for different
classes of materials, focusing on the main metallurgical topics (phase transformation,
recrystallization, and textural evolution).

2. Effect of UFH on Grain Size

In medium/low carbon steels, the application of UFH leads to a significant decrease
in grain size due to the suppression of grain boundary movements, and thus the growth of
austenite grains [52-58]. Figure 1 shows the prior austenite grain (PAG) size dependence
of heating rate (HR) [40]. In the case of 0.25 wt. % C heat-treated specimens with a peak
temperature at 850 °C, HR (between 10 and 1000 °C/s) and cooling rate of 20 °C/s, some
authors [40] investigated the effect of HR on the variation in ferritic grain size (Figure 2).
Results show an evident average PAG size refinement of about 55% (from 3.8 down to
1.7 um) (Figure 1) that corresponds to a consequent decrease in ferritic grain size (about
20%, from 2.5 to 2 mm) (Figure 2) as the HR increased from 10 up to 1000 °C/s. A similar
steel grade (0.2 wt. % C) was considered by Hernandez-Duran et al. [57], who studied the
effect of the same HR as that in [40] on the ferritic grain size, and the results, reported in
Figure 2, show a similar refinement of ferritic grain size, with a reduction from 2 to 1.6 mm.

Petrov et al. [59] studied the effect of heating rate increase on a cold-rolled high strength
carbon steel grade for automotive applications. They indicated that, when varying the
heating rate in the range from 140 to 1500 °C/s, ferritic grain refinement was achieved from
4 to 1 um. They also showed that excellent ultimate tensile strength (higher than 1200 MPa)
and acceptable fracture elongation were achieved. The above results were confirmed by an
increase in heating rate of up to 1500 °C/s [40] that, compared to 150 °C/s, led to a more
pronounced decrease in ferritic grain size of about 76%, from 2.6 to 0.6 pm (Figure 3).
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Figure 1. Effect of the heating rate increase on PAG size (data from [40]). Low/medium carbon steel
(0.25 wt. % C), peak temperature of 850 °C, and cooling rate of 20 °C/s.
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Figure 2. Effect of the heating rate increase on ferritic grain size. Low/medium carbon steel
(0.25 wt. % C and 0.2 wt. % C), peak temperature of 850 °C and 950 °C, cooling rate of 20 °C/s
and 160 °C/s (data from [40,57]).

An example of microstructures obtained after UFH is reported in Figure 4, referring
to the industrial hot-rolled strips of a low-C steel (0.08% C, 0.3% Mn) and of an HSLA
steel (0.07% C, 0.5% Mn, 0.03% Nb), cold-rolled from 3 down to 0.5 mm, and processed
by imposing different peak temperatures and heating rates to find the optimal processing
conditions for achieving full recrystallization. No soaking was applied, and the strips were
cooled down just after reaching the peak temperature.
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Figure 3. Ferritic grain size variation as function of temperature for the heating rates of 150 and
1500 °C/s (data from [42]).

(@)

Figure 4. Microstructure of fully recrystallized steels subjected to UFH. (a) Low-C 0.08% C, 0.3% Mn
steel; (b) HSLA 0.07% C, 0.5% Mn, 0.03% Nb steel.

The first steel was processed with a peak temperature of 870 °C and a heating rate of
285 °C/s, obtaining an average ferritic grain size of 6.1 pm and a hardness of 136 HV3pog
(Figure 4a). The second steel was processed with a peak temperature of 820 °C and a
heating rate of 325 °C/s, obtaining an average ferritic grain size of 5.4 um and a hardness
of 158 HV3p0g (Figure 4b). The microstructures appeared to not be very refined, but the
resulting tensile properties, nevertheless, complied with grades DX51D and HX340LAD.

If ferritic stainless steels are considered, an increasing heating rate leads to less marked
grain refinement, as reported in [45]. Data reported in [45] showed that the average grain
size of AISI 430 steel decreased from 7.4 to 6.7 um for a heating rate of 1000 °C/s. Similarly,
Salvatori and Moore [60] analyzed the effect of UFH on AISI 430 ferritic stainless steels,
and showed them to be able to reproduce industrial standard products with a heating rate
of up 1000 °C/s.
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3. Effect of UFH on Acj—Ac3 Temperatures and on Recrystallization Phenomenon

The quantitative effect of heating rate increase on Ac; and Acs temperatures is related
to the steel chemical composition, and several data are found in the literature showing in
many cases an increase in both critical temperatures with increasing heating rate.

In a low/medium carbon steel, Valdes-Tabernero et al. [48] (Figure 5) showed a more
pronounced increase in Acy than that in Acs in the range of heating rates from 1 to 200 °C/s.
An increase in Si and Mn leads to the opposite effect [38]. In this case, a stronger dependence
of Acs temperature on heating rate with respect to Ac; was also reported (Figure 6).
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Figure 5. Effect of HV increase on Acj and Ac3 temperature variation (steel chemical composition
0.19% C + 0.5% Si + 1.61% Mn + 1.06% Al), peak temperature of 1100 °C, and cooling rate of 300 °C/s
(data from [48]).
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Figure 6. Ac; and Acs temperature variation with an increase in HR (steel chemical composition
0.25% C + 1.5% Si + 3.0% Mn) (data from [40]).

Concerning the recrystallization process, the increase in heating rate led to an increase
in the recrystallization temperature, supported by the following evidence:

e  The recrystallized fraction decreased with increasing heating rate: in a low carbon steel
at 750 °C for a heating rate of 150 °C/s, the recrystallized fraction was ~0.5%. At the
same temperature for a heating rate of 1500 °C/s, the recrystallized fraction decreased
to 0.1% [42]; in [43], compared to a conventional annealing treatment (10 °C/s and
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recrystallized fraction of ~77%), during an ultrafast annealing process (778 °C/s), the
recrystallized fraction became ~24%.

e In [42], the recrystallized fraction increased with increasing peak temperature: for a
peak temperature of 850 °C for two heating rates (150 and 1500 °C/s), the recrystallized
fraction was ~0.6% for 150 °C/s and ~0.2% for 1500 °C/s, a value greater than that for
750 °C (Figure 7).

e  The recrystallization of ferrite takes place simultaneously with the &« — y phase
transformation [61].
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Figure 7. Recrystallized fraction as a function of peak temperature for two different HRs (data
from [42]).

4. Effect of UFH on Mechanical Properties
4.1. Carbon Steels

Directly connected to the effect of ultrafast heating on grain size refinement, the
mechanical properties of carbon steels subjected to the UFH process showed a clear im-
provement. Specifically, the evolution of mechanical characteristics was reported for
low/medium carbon steel in the case of conventional annealing + soaking (10 °C/s + soak.),
conventional annealing (10 °C/s) and ultrafast annealing (500-1000 °C/s) prior to quench-
ing and partitioning (Q and P) heat treatment [40]. Results showed that the Ultimate Tensile
Strength (UTS)increased for a higher HR (Figure 8); from conventional annealing (HR of
CA =10 °C/s) to ultrafast heating (HR of UFH = 1000 °C/s), the UTS shifted from 1097
to 1318 MPa (an increase of ~20%). The yield stress (YS), in the same range of heating
rate, decreased from 837 to 811 MPa (—3.2%), and uniform elongation ¢. increased from
2.6% to 12.8%.

A comparison of CA (5 °C/s) and UFH (500 °C/s) on dual-phase steel [39] showed the
following results: the UTS improved from 625.0 + 3.6 MPa to 666.0 £ 2.6 MPa (~6.5%), the
YS increased from 277.0 = 8.1 MPa to 372.0 &= 3.0 MPa (~34%), and the uniform elongation
and total elongation increased from 16.5 £ 0.2% to 18 £ 0.5% and from 23.3 &+ 0.8% to
26.6 £ 0.5%, respectively (Figures 9 and 10).
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Figure 8. Effect of HR increase on UTS and Vicker hardness value of a low/medium carbon
steel undergone the UFH process compared to CA + soaking process (steel chemical composition
0.25% C + 1.5% Si + 3.0% Mn)). Peak temperature of 850 °C, and cooling rate of 20 °C/s (data

from [40]).
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Figure 9. YS and UTS increase with increase in heating rate between CA (5 °C/s) and UFH (500 °C/s),
on dual-phase steel (data from [41]).
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Figure 10. Uniform and total elongation variation with increasing heating rate between CA (5 °C/s)
and UFH (500 °C/s) on dual-phase steel (data from [41]).

4.2.

Stainless Steels
Regarding the mechanical properties in ferritic stainless steels [60]:

The values were very similar to those typical of standard industrial production, even
if the tensile strength was a little lower. These properties improved as the holding time
increased and they did not seem to depend on heating rate. With further increases in
holding time, yield stress and tensile strength values remained almost constant, and
the total elongation increased.

A thermal cycle using no holding time in the annealing treatment allowed for obtaining
a product that was quite comparable to the industrial standard in the whole range of
heating rates (500-1000 °C/s).

Instead, from data reported in [45]:

The YS, UTS, and ¢, were practically equal for all specimens heated at a peak tempera-
ture below 900 °C. At a peak temperature of 900 °C, the yield strength was reduced,
even though the grain size and hardness did not change from those at 880 °C.

As the annealing temperature increased to 900 °C, the yield strength decreased, which
is beneficial for formability.

In austenitic stainless steels, data from [44] show that:

Without any holding time at a peak temperature of 700 °C/s and heating rates of
2 and 20 °C/s, the YS increased to 870 MPa, with an improvement in ductility and
uniform elongation (). Increasing from 2 to 100 °C/s, the UTS and YS did not change
too much (UTS from 1013 to 967 MPa and YS from 856 to 778 MPa)), but ductility
was improved.

The uniform elongation was improved from 11% to 37% with the increase in HR from
2t0 100 °C/s.

5. Effect of UFH on Microstructure

The effect of heating rate on the microstructure was clearly reported in [43] for a process

involving a heating rate of 778 °C/s in comparison to a standard 10 °C/s heating rate.

The recrystallized volume for a low-carbon steel (0.14 wt. % C), decreased from

77.4% to 27.3%, the fraction of recovered ferrite increased from 8.6% to 54.5%, and the
martensite + pearlite fraction increased from 14% to 21.8% (Figure 11).
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Figure 11. Microstructural evolution for CA (HR: 10 °C/s) and UFH (HR: 778 °C/s), low-carbon
steel (0.14% C) (data from [43]).

This result is in contrast with that in [38,39], where an increase in Ac; temperature was
reported with increasing HR; therefore, less martensite was expected in the microstructure
of the UFH sample than that in the CA sample.

The difference can be explained by the lack of ferritic recrystallization in the UFH sample.

A possible explanation of the above results can be that the peak temperature of the
specimen treated with CA was lower than that processed by UFH, and that, in the latter
treatment, some austenite was formed. In the case of CA, it is reasonable to assume that
not only was the peak temperature lower, but also the treatment time at high temperature
was longer, so that the recrystallized fraction could be higher than that of the steel treated
with UFH. When the steel was cooled, the austenite transformed into martensite.

From the comparison between CA + soaking and UFH prior to Q and P heat treat-
ment [38], for a carbon steel (0.25 wt. % C), the fraction of ferrite increased for higher
heating rates from 0% at 10 °C/s + soak. to 25% at 1000 °C/s. This was due to the very
short heating time and consequently the absence of complete austenitization. The most
important difference from 500 to 1000 °C was the fraction on fresh martensite (15% — 2%)
that was replaced by ferrite (5% — 25%) (Figure 12).

Therefore, for this class of steels, UFH heating rates of up to about 500 °C/s are still
suitable to achieve a similar microstructure to those of Q and P grades. Instead, for heating
rates above 500 °C/s, complex microstructures are produced where ferrite coexists with
retained austenite.

The dependence of microconstituent fraction formation as a function of a combination
of HR, peak temperature, and steel chemical composition is reported in Figures 13-16 (data
from [57]). The comparison is between a low-carbon steel (0.2 wt. % C) and stabilized
low-carbon steel (0.2 wt. % C + Mo + Ti + Nb), and the results show that:

The martensite volume fraction decreased with increasing heating rate (Figures 13 and 14).
At Acs temperature (Figures 14 and 15), the fraction of martensite showed an opposite
trend at 1000 °C/s with respect to lower temperature. This is evidence of the impact
of peak temperature on ultrafast heating treatment.

e  Concerning the low-C stabilized steel, the effect of alloying elements on hardenability
was clear. After UFH at Acz temperature, the fraction of martensite was equal to 100%
(Figure 16).
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Figure 12. Microstructural evolution for different heating rates (data from [40]; steel chemical
composition: 0.25% C + 1.2% Si + 3.0% Mn).
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Figure 13. Microstructural evolution at different HRs for peak temperature at 902 °C (data from [57];
steel chemical composition: 0.2% C).
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Figure 14. Microstructural evolution at different HRs for peak temperature at 915 °C (data from [57];
steel chemical composition: 0.2% C + Mo + Ti + Nb).
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Figure 15. Microstructural evolution at different HRs for peak temperature at Ac3: 950 °C (data
from [57]; steel chemical composition: 0.2% C).
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Figure 16. Microstructural evolution at different HRs for peak temperature at Ac3: 950 °C (data
from [57]; steel chemical composition: 0.2% C + Mo + Ti + Nb).

The effect of an increased heating rate in reducing the final fraction of martensite at
the end of the treatment was apparent at 100 °C/s. Possible reasons to explain why the
martensite fraction was generally lower in the low-alloyed steel compared to the alloyed
one are, on one hand, the higher critical transformation temperatures and, on the other
hand, the lower hardenability. In the former case, the amount of austenite transformed
during the process was lower; in the latter case, a lower fraction of the austenite formed at
high temperature is converted to martensite during cooling.

6. Effect of UFH on the Textural Evolution and Magnetic Properties of NGO Steels

Nonoriented grain (NGO) electrical steels can be classified as low-C steels, and re-
garding the microstructural evolution, mechanical properties, and phase transformation
temperatures, the effect of UFH can be considered to be similar. In this section, the effect of
UFH on the textural evolution and magnetic properties of NGO steels is reported.

For NGO electrical steels, the role of ultrafast annealing on textural evolution is
evident, since an increase in the occurrence of Goss component is observed, which leads to
an improvement of magnetic properties [61-63].

The magnetic properties of Fe-Si steels strictly depend on textural evolution [64-70],
and consequently on the starting microstructure [71-73], annealing conditions [74], and
cold-rolling settings [75-80]. Core losses and eddy current losses are strongly dependent on
recrystallization and grain size morphology after cold rolling. Grain size and the absence
of impurities such as dislocations, grain boundaries, or precipitates are the most important
factors determining power losses. The most relevant textural components in electrical steels
are the Goss component (110) [001], the rotated Cube component (100) [011], and the y-fiber
[111]//ND [78-82]. After cold rolling, the texture is characterized by very strong Goss
and cube component orientations that, in principle, are very positive in terms of magnetic
features; in fact, the matrix is highly deformed. However, the effect of the subsequent
recrystallization annealing treatment promotes the development of the y-fiber, the typical
recrystallization texture of ferritic steels, and the consequent reduction in deformation
components. In conventional industrial lines, the nucleation of textural components starts
during the (slow) heating stage and interacts with the concurrent recovery process. There-
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fore, since the Goss and Cube components nucleate in high-energy zones of the material, the
UFH treatment could represent an opportunity to reduce the undesired effect of recovery,
and to produce NGO steels with better textural properties.

Wang et al. [64] explored different heat treatment approaches to optimize the magnetic
properties of electrical steels. A cold-rolled NGO steel was subjected to an extremely short
annealing cycle in the range of 3-30 s, with heating rates from 15 to 300 °C/s and peak
temperature from 880 to 980 °C. The presence of silicon (no less than 1%) increases the
critical temperatures of the steel, thus permitting the use of peak temperatures higher than
those of the corresponding low-carbon steels. In the case of fast heating, a very strong
{110}<001> (Goss) texture develops [64,72]. Its intensity increases with increasing heating
rate, but decreases as the annealing time increases. Moreover, in coarse-grained specimens,
the Goss component is significantly strengthened, and the {111}<112> component is slightly
weakened with increasing heating rate. On the other hand, in a fine-grained specimen,
the intensity of the Goss component showed only a slight increase, but the {111}<112>
component was greatly reduced.

Generally speaking, as the heating rate increases, the typical recrystallization texture
of ferrite (y-fiber) weakens significantly due to the very short heating treatment, whereas
the Goss component is extremely favored. Since the nucleation of the Goss component
occurs in regions of the deformed matrix with higher stored energy (namely, shear bands),
higher heating rates reduce the negative effect of recovery, thus promoting their nucleation
and further growth [65-68,71]. This result is in agreement with the work of Hutchinson [83],
who reported a schematic ranking of the nucleation rate of different textural components as
a function of time during annealing. In fact, from a kinetic viewpoint, the {110} orientations
started nucleating earlier than {111} did, thus exploiting a larger kinetic advantage as the
heating rate increased.

Regarding the magnetic properties of NGO electrical steels as a function of heating
rate, the following results emerged from the experiments [63,64]:

e  Magnetic induction was improved as the HR increased from 15 to 300 °C/s. This was
due to the optimized recrystallized texture caused by rapid heating.

e  Core losses decreased as the heating rate increased from 15 to 100 °C/s. As a matter
of fact, this effect was apparent when the heating rate exceeded 100 °C/s since it
was associated with the decrease in mean grain size with increasing HR. Incidentally,
this induced a parallel decrease in classical eddy current losses, but an increase in
hysteresis losses.

e  Annealing treatments up to 850 °C after cold rolling improved the magnetic properties
(higher permeability and lower energy losses) due to the increase in grain size and the
development of a {100} fiber-type texture.

7. Conclusions

The effect of ultrafast heating on different classes of steel, specifically on medium/low-
C, NGO, and stainless steels, was analyzed in this paper with respect to the main metallur-
gical aspects: phase transformation, recrystallization, mechanical properties, and textural
evolution. In particular, the variation trend with heating rate was highlighted, focusing
on the main metallurgical properties (phase transformation, recrystallization, and textural
evolution) for different classes of materials.

The conclusions can be summarized in the following points:

e The UFH treatment had a strong effect on reducing the grain size, in particular on
medium/low-C steels, with a PAG size reduction of 55%, shifting from 10 to 1000 °C/s.
Ferritic grains showed a maximal reduction of 76%, increasing from 150 to 1500 °C/s.
The effect on the stainless steels was similar but much less pronounced: the average
grain size reduction was 10% from 25 to 500 °C/s.

e In medium/low-C steels, with increasing heating rate, critical transformation points
Acl and Ac3 were shifted towards higher temperatures. Furthermore, the recrystal-
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lization temperatures were also shifted towards higher values in both carbon and
stainless steels.

e  The increase in heating rate produces an improvement of almost all mechanical char-
acteristics. In medium/low-C steels, the comparison of conventional annealing and
ultrafast heating showed an increase in UTS and ¢ (about 20% and from 2.6% to 12.8%,
respectively); the YS remained at the same level. When UFH was applied to ferritic
stainless steels, the annealed strip has comparable mechanical characteristics with
those from standard industrial production. In austenitic stainless steels, there was
instead an improvement of the uniform elongation from 11% to 37% with increasing
heating rate from 2 to 100 °C/s.

e  Textural evolution was directly connected to magnetic properties of NGO steels, and
higher heating rates promoted the nucleation of Cube and Goss components in the
high-stored-energy zones. Annealing time had a significant effect on the occurrence
of the Goss component that nucleates at the initial stages of recrystallization. More-
over, a slow heating with a longer recovery phase reduced the intensity of the Goss
component, and the overall texture is more random. In terms of magnetic properties,
the magnetic induction increased from 15 to 300 °C/s, and core losses decreased in a
range of heating rate from 15 to 100 °C/s. In the case of a heating rate greater than
100 °C/s, grain size underwent severe refinement, with a consequent decrease in eddy
current losses, and an increase in hysteresis losses.
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