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Anovel laser heat treatment setup is presented and used to characterize the reverse transformation ofmartensite
to austenite resulting from highly dynamic laser heat treatments of stainless steel. During laser heat treatments
the irradiated spot and its surroundings can experience completely different thermal loads, yet both experience
reverse transformation. The experiments are conducted such to reflect these diverse conditions. Next to experi-
ments, a new kinetic model is reported which combines both athermal and isothermal transformation mecha-
nisms to cope with the diversity in conditions in a unified framework. The experimental results show that
reverse transformation can proceed extremely fast, yet saturates at intermediate temperatures. Additionally, it
is shown that there is good agreement between experiment and model and it is essential to embed both the
athermal and isothermal transformationmechanism in themodel for achieving this performance. Initial steps to-
wardsmodel validation are performed showing goodpredictability of a non-isothermal heat treatmentwith con-
ditions realistic and relevant for industrial laser heat treatments.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A novel approach to achieve sufficient strength and ductility of
metastable austenitic stainless steels are local phase reversal (laser-)
heat treatments, enabling extreme local tailoring of material properties.
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During phase reversal heat treatment the mechanically induced
martensite of a cold rolled austenitic stainless steel is reverted back
to austenite. Proper execution leads to a fine-grained austenitic struc-
ture, with grains in the nano to submicron range imparting excellent
room-temperature strength and ductility to the material [1–3]. Cold
rolled metastable austenitic stainless steel can experience two types of
reverse transformation; an athermal ‘shear-type’ and an isothermal
(thermally activated ‘diffusional’) reverse transformation [4,5]. Both
transformation-types lead to an austenitic lattice, however the resulting
microstructures are completely different. Whereas thermally activated
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isothermal transformation is time dependent and leads to equiaxed
finely grained austenite of low dislocation density [5], athermal trans-
formation depends on temperature only and leads to lath-shaped
austenite with high dislocation density [6]. The type of reverse transfor-
mation that is experienced by an austenitic stainless steel depends on its
chemical composition and the heating rate that is applied during the
heat treatment [5,7,8]. Higher heating rates and higher temperatures
enable athermal transformation, whereas low austenite stability en-
ables isothermal transformation. Dastur et al. [9] and Souza Filho et al.
[10] show that diffusional reverse transformation can be governed by
the diffusion of Mn. Furthermore, heterogeneity build-up of Ni during
the transformation changes local austenite stability and can therefore
lead to a two stage transformation process [10]. Because of the differ-
ences between isothermal and athermal transformation, both in terms
of kinetics and resulting microstructure, it is important to know which
type governs the behaviour of a particular transformation.

An important contribution to the understanding of reverse transfor-
mation has been provided by Tomimura et al. In 1991 they investigated
the reverse transformation mechanisms occurring in a range of austen-
itic stainless steels of varying chemical composition, including AISI 301
[11]. They presented a criterion to determine if a material can experi-
ence athermal transformation which is based on the Gibbs free energy
difference between ferrite and austenite. Somani et al. refined this crite-
rion by adding the influence of more alloying elements on the free
energy difference [12]. This criterion suggests that reverse transforma-
tion of AISI 301 is dominated by the athermal mechanism. However,
experimental results from others suggest that AISI 301 reversion is in
fact dominated by isothermal transformation, e.g. Johanssen et al. sub-
jected AISI 301 to an annealing treatment between 600 °C and 900 °C
for 30 min, leading to a temperature dependent transformation type
[13]. At temperatures below 800 °C isothermal transformation was
found, whereas higher temperatures induced an athermal transforma-
tion. Similarly, Di Schino et al. investigated reverse annealing of AISI
301 in the temperature range from 600 °C and 750 °C and found a
time-dependent transformation [14]. Importantly, they extended the
annealing duration to a maximum of 7 days and thus found evidence
of a saturation level, i.e. incomplete transformation.

There is an apparent discrepancy between observed transformation
mechanism from one investigation to another. The varying results sug-
gest that both types of transformation are possible and can occur simul-
taneously. The main difference between the experiments of the cited
authors is the equipment with which the heat treatments were exe-
cuted; resulting in differences in heating rate and cooling rate.

To date only a fewmodels have been proposed for the kinetics of re-
verse transformation. Rajasekhara [15] modelled diffusional transforma-
tion of AISI 301LNbased on a general kineticsmodel fromErukhimovitch
and Baram [16]. It was specifically developed to investigate the underly-
ing principles of isothermal reverse transformation, particularly the pref-
erential nucleation sites and growth governing diffusion species.
Although themodel is insightful, it does not show acceptable agreement
with the experimental transformation data. Somani et al. also presented
a kineticmodel capable ofmodelling isothermal annealing [12], although
it is claimed that a good fit is obtained this is not shown in the research
itself. Stalder et al. modelled reverse transformation where the transfor-
mationwas partially athermal and isothermal [17]. Following the Avrami
approach, a double Avrami function was fitted, where the characteristic
exponent was made dependent on the transformation mechanism.

More recently, other researchers have successfully developed more
physically-based models of reverse transformation. Galindo-Nava et al.
presented a physics-based modelling framework for the prediction of
martensite to austenite reversion kinetics [18]. In their model the kinet-
ics are governed by the diffusivity of the growth governing species Mn
and Ni. Importantly, they also consider that diffusional reversion satu-
rates when an equilibrium fraction of austenite is reached. Yeddu et al.
developed a 3Dphysically-based phase-fieldmodel for athermal forma-
tion of martensite and its reverse transformation into austenite for AISI
2

301 [19]. Although this model has the potential to provide insight into
the kinetics of athermal reverse transformation it is not compared to ex-
perimental data. Zhang et al. developed a 2D phase-fieldmodel that ac-
counts for both athermal and diffusional reverse transformation [20]. A
good asset of this model is the ability to account for ongoing growth of
athermally formed austenite. Although the aforementioned phase field
models provide a more physically-based view of the reverse transfor-
mation process they are notwell-suited for the Finite Element based op-
timization of heat treatment processes which requires highly efficient
and fast models.

Realistic laser heat treatments include e.g. multiple laser passes by
scanning. Optimization of such processes requires models that can pre-
dict the transformation for non-monotonic heating that can be of both
short-duration high-intensity and long-duration medium-intensity.
The models presented in literature thus far fail to meet one or all of
the following requirements:

• The model must be designed in rate-form to be able to account for ar-
bitrary non-monotonic thermal load

• The model must be able to account for both athermal and isothermal
reverse transformation

• The model must be able to accommodate for the experimentally ob-
served transformation-saturation

• The model must be computationally efficient

In this work a novel experimental setup is employed to conduct high
heating-rate laser heat treatment experiments onAISI 301 and thus allows
characterizationof reverse transformationunder conditions that are repre-
sentative for real industrial laser heat treatments. Next to the experimental
characterization a model is presented that combines two existing models
and is capable of meeting the aforementioned model-requirements, i.e.
predicting the kinetics during arbitrary thermomechanical loading, ac-
counting for both athermal and isothermal transformation and an isother-
mal transformation saturation. The model is calibrated to the
transformation experiments after which an initial robustness check is per-
formed by comparing the model prediction to a non-isothermal tempera-
ture ‘jump’ experiment. Lastly, the added value of the combination of
athermal and isothermal kinetics is determined by comparing the model
to an approach that accounts for isothermal transformation only.

2. Experimental procedure

The kinetics of phase reversal transformation are examined by
performing a series of heat treatments. The experimentswere performed
on 0.3 mm thick AISI 301 FS sheet of the company ZAPP, with chemical
composition (in wt%) of Fe–0.1C(max)–0.9Si(max)–16.7Cr–6.6Ni–
0.3Mo. Tensile strength of the material is between 1900 and 2100 MPa
containing approximately 65% mechanically induced martensite, the re-
mainder consisting of severely work-hardened retained austenite.

The characterization of the reverse transformation is accomplished
by subjecting thin sheet metal samples to temperatures ranging from
600 °C to 850 °C for holding times ranging from 0 s till 100 s using a
novel laser heat treatment setup. Before and after each experiment the
martensite-content is measured by a Ferritescope (Fisher MP30, probe
FGAB1.3-Fe). Themeasurementswere converted tomartensite percent-
age using the calibration curve provided by Peterson [21], in combina-
tion with the thickness compensation as mentioned in the instruction
manual of the MP30. The measurement area was sufficiently large to
avoid a correction factor for Ferritescope edge effects, see Fig. 1. In all
cases a high heating rate was employed and every experimentwas per-
formed at least three times.

2.1. Laser heat treatment setup

The heat treatmentswere performed on a novel laser heat treatment
setup. It is capable of reaching the high heating rates of the targeted



Fig. 1. Geometry of sample and geometry of laser spot (blue) (mm).
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industrial processes by direct laser heating of the experimental samples.
Heat treatment experiments are generally performed on setups based
on resistance heating (see e.g. Somani et al. [22]) or induction heating
(see e.g. Löbbe et al. [23]). Yet, the authors chose to develop and con-
struct a laser heating setup because of the availability of the laser-
source, expertise and the easewithwhich the heating rate can be scaled,
e.g. by altering the focus of the spot or simply installing a laser with a
higher power. Furthermore, it was found that a laser based heating
method allows the phase reversal experiments to be conducted on the
as-received cold rolled thin sheet metal with relative ease. This has
the advantage of being able to test samples with the unique as-
received microstructure and texture which can have a large effect on
phase reversal behaviour [11]. With such a setup, it becomes straight-
forward to perform heat treatments on newmaterials as they are intro-
duced by suppliers (which are not inclined to disclose their cold rolling
schemes). In the next paragraphs several aspects of the laser setup are
reviewed, including its performance with respect to the temperature
homogeneity of the sample during heat treatments.

The laser heat treatments were performed by irradiating the narrow
section of a tensile specimen with a spot of 10 mm diameter, see Fig. 1.
The intensity-distribution of the spot was homogenized by passing a
gaussian collimated spot through a Diffractive Optical Element (DOE)
of the company Holo/Or (type RH-217-K-Y-A). The DOE transforms
the output of the fiber coupled 2 kW Diode Laser (DF020 HQ - ROFIN)
into a flat-top intensity distribution of approximately 10 mm. After
holding the temperature of the sample for the desired time, the samples
were water quenched. The setup enables typical heating and cooling
rates of 1000 K/s and 2000 K/s respectively. Samples cannot be clamped
on both sides during heating as this leads to buckling caused by thermal
expansion. Therefore, the lower part of the samples was left free, except
for a small pretension to keep the sample straight (≈2.5 MPa). A sche-
matic of the test-setup is shown in Fig. 2. Temperature control was real-
ized by spot welding a type-k thermocouple to the back side of the
sample, at the center location of the irradiated spot, serving as a feed-
back for the proportional–integral–derivative control of the heat treat-
ment. Measurement of the in-plane temperature development
Fig. 2. Schematic of the test setup.

3

revealed a maximum temperature difference of 35 °C between center
and outside of the required spot1 during heating, which disappears
quickly upon holding the temperature constant. The temperature devel-
opment through thickness cannot bemeasured reliably therefore it was
estimated using FE analysis, this revealed that the temperature delta
through thickness is negligible; during heating it is≈9 °C, during hold-
ing it is ≈1 °C.

3. Kinetic model

The kineticmodel consists of a combination of a temperature depen-
dent athermal and implicitly time-dependent isothermal transforma-
tion. It is presented in rate-form to be able to account for arbitrary
thermomechanical loading. The model concept is presented in Fig. 3.
In this graph two curves are depicted, the red curve represents athermal
transformation, the blue curve isothermal transformation saturation.
With infinite heating rate only athermal transformation takes place. In
this case there is no time for additional isothermal transformation and
therefore the red curve represents the minimum fraction of austenite
at a certain temperature. The isothermal saturation line (blue) is
reached after prolonged exposure to high temperature. In accordance
with Leblond and Devaux [24] the isothermal transformation saturation
is the temperature dependent equilibrium fraction of austenite. During
an arbitrary heat treatment the transformed fraction will lie between
these two curves. The contribution of isothermal versus athermal trans-
formation is governed by the heating rate and the rate of isothermal
transformation.

3.1. Kinetic modelling

Depending on the heating rate and the temperature of the heat
treatment the reverse kineticsmay be governed by isothermal transfor-
mation, athermal transformation, or a combination of the two. As said,
the currentmodel will assume that the transformation is a combination
of the two and therefore the interaction between the two transforma-
tions must also be accounted for. The overall transformation rate is
given by:

df γ

dt
¼ df γi

dt
þ df γa

dT
dT
dt

ð1Þ

where fγ is the overall austenite volume fraction and fγa and fγi are the
athermally and isothermally formed volume fractions. Note that the ini-
tial austenite fraction (f0γ = 0.35) represents the retained austenite.

3.1.1. Athermal transformation kinetics
An often employed model for athermal transformation processes

was presented in 1959 by Koistinen andMarburger [25]. It is a phenom-
enological model that has only two parameters. In the case of martens-
ite to austenite phase reversal these are the parameters governing the
athermal austenite start temperature Aa (threshold temperature for
athermal transformation) and a parameter governing the evolution of
the athermal transformation with temperature ka. The formulation is
given by:

df γa

dT
¼ ka exp −ka T−Aað Þð Þ if f γ<f γa

p andT > Aa

0 otherwise

(
ð2Þ

where, T> Aa enforces the equation to be used in the valid range and fp
γa

represents the minimum austenite fraction (as governed by athermal
transformation) that can exist at a certain temperature. It is the red
curve in Fig. 3 and is described by:
1 A spot the size of the probe tip of the Ferritescope i.e. ø6 mm.
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Fig. 3. Explanation of the concept of the kineticmodelwhere the red curve is the potential
athermal transformation (Eq. (3)), the blue curve the isothermal transformation
saturation (Eq. (6)) and the dotted blue lines represent potential isothermal
transformations (Eqs. (4 and (5)). There is no transformation below 0.35 (dashed) since
this is the already present retained austenite.

Table 1
Model parameter values, calibrated by least squares optimization to the Feritscope reverse
transformation data.

ka 1.1 10−2 K−1 τ0 1.86 ⋅ 10−4 s ks 1.2 ⋅ 10−2 K−1

Aa 916 K Qτ 85 kJ/mol As 853 K
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f γa
p ¼ 1− exp −ka T−Aað Þð Þ ð3Þ

Comparing the current volume fraction of austenite with the
athermal transformation potential ensures that athermal transforma-
tion can take place only when the untransformed volume fraction is
below the temperature-dependent athermal transformation potential
and that the combined athermal and isothermal transformation does
not exceed 100%.

3.1.2. Isothermal transformation kinetics
In principle time dependent transformations can proceed by diffu-

sion and by diffusionless mechanisms, e.g. Machlin and Cohen [26]
and Anandaswaroop and Raghavan [27] found isothermal diffusionless
martensitic transformation upon quenching of certain quench-
hardenable alloys. Lee et al. [28] performed an experimental investiga-
tion of isothermal reverse transformation and found evidence that it is
not governed by this type of mechanism, but by a thermally activated
nucleation and growth mechanism.

Leblond and Devaux [24] described a time-implicit rate equation for
modelling isothermal transformation. It considers that the minimum of
the free enthalpy of the phase-mixture determines the equilibrium
fraction-distribution. If the temperature of the material is increased to-
wards a particular temperature with infinitely slow heating rate the
equilibrium fraction is obtained instantaneously. However, as the
heating rate towards this temperature is increased, it is observed that
there is a retardation with respect to reaching the equilibrium portion.
The main features of this model exactly match the observations for iso-
thermal transformation, i.e. time-dependent transformation towards a
saturation level. Asmentioned, themodel is time-implicit and thus suit-
able for modelling transient laser heat treatments. The description of
the isothermal transformation rate is written as:

df γi

dt
¼ f γi

s −f γi
� �

k ð4Þ

where
k represents a reciprocal time and incorporates the temperature depen-
dence of the rate of isothermal transformation. Furthermore, fγi is the
current isothermally formed austenite fraction and fs

γi is the current
temperature-dependent isothermal saturation fraction. The tempera-
ture dependence of k is described by an Arrhenius equation:
4

k ¼ 1
τ0

exp
−Qτ

RT

� �
ð5Þ

in which τ0 is the characteristic time of transformation, Qτ is the activa-
tion energy for isothermal transformation, R is the universal gas con-
stant and T is the temperature in Kelvin.

In accordance with observation, the temperature dependence of the
isothermal transformation saturation is described by an exponential re-
lation of the form:

f γi
s ¼ 1− exp −ks T−Asð Þð Þ if T > As ð6Þ

where ks governs the evolution of the isothermal transformation satura-
tion with temperature and As governs the start of the saturation curve.

4. Results and discussion

4.1. Model calibration and experimental results

In the previous section, six equations were presented that together
comprise the full kinetic model thatmust be solved numerically. The ki-
netic model features six parameters of which two describe athermal
transformation and four describe isothermal transformation. The cali-
bration of the model parameters is obtained by performing a least
squares optimization and by using the actual heating curve measure-
ment of each experiment instead of assuming isothermal temperature
curves. This has the benefit of being able to predict potential transfor-
mation during the heating stage of an experiment and it minimizes
the effect of experimental temperature variations on the outcome of
the model parameters. As mentioned, a non-isothermal experiment
was performed; this experiment is excluded from the calibration. The
parameters resulting from calibration are shown in Table 1.

The results of the experiments are depicted in Fig. 4. They show that
the transformation to austenite is significantly dependent on time and
that there is a rapid progression of transformation in the initial stages
of the heat treatments. Additionally, it seems that the transformation
saturates on a temperature dependent level, at least for the purpose of
industrial application of laser heat treatments.

The colored lines in Fig. 4 feature themodel prediction. It can be seen
that the agreement between experiment andmodel is very good (good-
ness–of–fit will be presented and discussed further in Fig. 8 and
Table 3). The current experiments include intermediate temperature–
long duration and high temperature–short duration, to explore both po-
tential isothermal and athermal transformation. The fit of the model
to experiments of shortest duration is re-illustrated in Fig. 5a and
shows good agreement. The time versus temperature graphs of these
experiments are shown in Fig. 5b; they emphasize the performance of
the setup and the nature of the fastest experiments which subject the
samples to extreme heating-rates and quenching-rates. Combined,
Figs. 4, 5a and b stress the point that both isothermal and athermal
transformation need to be accounted for in the kinetic model. For the
heat treatment with target temperature 830 °C (the dark red-topmost
curve in Fig. 5b) the kinetic model predicts an almost purely athermal
transformation of 49.3%, versus an isothermal transformation of 2.2%,
whereas heat treatments performed at 660 °C for long duration are al-
most purely governed by isothermal transformation. The time during
the shortest duration experiments is simply insufficient for a thermally
activated transformation to proceed and the transformed fraction can
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be better explained by an athermal transformation mechanism. Note
that the apparent time-dependence of the transformation seen in
Fig. 5a stems from the time-dependent rise in temperature; the
athermal transformation itself is not dependent on time.

In Fig. 6, the athermal potential function (fpγa) is plotted versus all ex-
periments of shortest duration. This shows the goodmatch between the
proposed athermal transformation model and the behaviour seen in
these experiments. The athermal start temperature (Aa) is the tempera-
ture at which this material would initiate transformation when fully
martensitic. The observed athermal transformation temperature for
the current initial state of 35% retained austenite is 670 °C and matches
well with experiments reported in the literature [12].
4.2. Added value of a rate-formulation and robustness check of kinetic
model

It was shown that there is good agreement between the calibration
experiments and the predictions of the proposed model. In Section 4.1
themodel has been calibrated using experiments involving fast heating
to a single temperature and then holding that temperature for a partic-
ular time followed by quenching. These type of experiments are good
for calibration and visualization of the transformation kinetics. However
real industrial laser heat treatments can have a much more complex
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Fig. 5. (a) Close-up of the fit between experiment (markers) and model (solid lines) for the h
experiments of shortest duration.

5

thermal loading. As a first step towards validating the proposed model
a test is presented to check if the model is capable of predicting the
transformation kinetics of such a complex thermal loading history.
The experiment in question involves fast heating to 675 °C, holding for
2.5 s, followed by fast heating from 675 °C to 700 °C, then holding for
another 7.5 s followed by quenching. The results of the model and the
experiment are depicted in Fig. 7a. This comparison shows that there
is a good match between predicted austenite fraction and the experi-
mental result for this complex load case. Additionally, Fig. 7a shows a
lower and upper bound prediction if the experiment would have been
conducted at a single temperature of either 675 °C or 700 °C (see
Fig. 7b for the time versus temperature curves involved). It is clear
that the predicted lower and upper bound austenite fraction fall outside
of the error bars of the experiment. This shows that despite of the small
difference in temperature between 675 °C and 700 °C, it is still essential
to capture the intermediate transformation rate increase if accurate re-
sults are desired; it is therefore a good showcase for the added value of
employing a rate-formulatedmodel. It is important to note that this ex-
periment was not used for calibration of the parameters of the model
and it is therefore a good first step towards model validation. The
dashed vertical line at 3.5 s shown in Fig. 7a and b – corresponding to
2.5 s holding – highlights the predicted change in transformation rate
and the introduction of the temperature jump. This change of rate can
be predicted because of the implicitly time-dependent rate formulation
of the isothermal transformation, and is an important attribute for the
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modelling of highly transient laser heat treatments on austenitic stain-
less steel.
Parameter values belonging to the calibration of the isothermal-onlymodel (Eqs. (4)–(6)).

τ0 5.6 ⋅ 10−5 s ks 1.33 ⋅ 10−2 K−1

Qτ 65 kJ/mol As 890 K

Table 3
Comparison of goodness-of-fit statistics for the combined athermal–isothermalmodel and
the isothermal-only model, p is the number of parameters.

Model p R2 Radj
2

Athermal and Isothermal transformation 6 0.95 0.86
Isothermal transformation only 4 0.62 0.23
4.3. Added value ofmodelling both athermal and isothermal transformation

Most of the models that were presented in literature thus far to de-
scribe reverse transformation account for isothermal transformation
only [12,15,18]. The novelty of the proposed model lies in its ability to
account for both athermal and isothermal transformation to better rep-
resent the underlying mechanisms and – ultimately – achieve better
agreement between data and model.

In this section it is shown that the proposed addition of the athermal
mechanism – adding two more fit parameters to the equation – really
aids agreement between model and data. This is achieved by excluding
the athermal part of the model (Eqs. (2) and (3)) and recalibrating the
model parameters to the isothermal part only (Eqs. (4)–(6)). Subse-
quently the model fit is compared to the data and R2 and Radj

2 are deter-
mined. It might be expected that an athermal-onlymodel would be part
of the comparison in Fig. 8, yet the goal of this research is to develop a
model that is capable of describing reverse transformation that occurs
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Fig. 8. Residuals of the proposedmodel (athermal and isothermalmodel) versus residuals
of an isothermal-only model. Datapoints in this plot represent the difference between the
mean of three experiments and the corresponding model prediction.
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in (fast) transient heat treatment. The transformations occurring in
these processes are dependent on time. Although athermal transforma-
tion can be significant in such processes, an athermal-only transforma-
tion model is not explored since it cannot describe the current
experimental observations nor the foreseen processes.

Fig. 8 displays the residuals of the model predictions for both the
complete model – containing both athermal and isothermal transfor-
mation – and the isothermal-only model; associated model parameters
for the isothermal-only model are shown in Table 2. Clearly the predic-
tion of the completemodel that includes the athermalmechanism (blue
circle) is much better compared to the prediction of an isothermal only
model (red x). In general the isothermal-only model has difficulty in si-
multaneously predicting the behaviour seen during the two diverse
type of tests, i.e. high-temperature short-duration and intermediate-
temperature long-duration. Table 3 confirms that themodel containing
both athermal and isothermal transformation performs much better
than the isothermal-only model.
5. Conclusion

In this research a novel experimental setup is used with which it is
possible to conduct high heating rate laser-based heat treatments. The
setup is used to characterize the reverse transformation of AISI 301 at
heating rates that are relevant for industrial laser heat treatments. Fur-
thermore, a novel extended rate-dependent time-implicit kineticmodel
is presented and an initial robustness check is performed by comparing
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the model prediction to an independent non-isothermal experiment. It
was shown that:

• The extended kineticmodel is capable of reproducing the observed ki-
netics with high accuracy and the combination of athermal and iso-
thermal transformation mechanisms is essential for obtaining the
level of agreement that is achieved.

• Saturation of isothermal transformation is apparent even when hold-
ing times of reverse heat treatments are limited to 100 s and should
therefore be accounted for when modelling isothermal reverse
transformation.
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