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� The mesostructure of a’/ c steel was
tailored by varying laser parameters.

� Gradient microstructures resulted
from steep temperature and heating
rate gradients.

� Formulated model predictions are in
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determine laser heat penetration.
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Localised laser treatments enable the creation of sophisticated austenite/martensite mesostructures in
Fe–Ni–C steel with the potential of achieving enhanced mechanical performance. The control of phase
topology is essential to modify the properties of these structures on demand and requires a profound
understanding of the effect of the processing parameters on the development of the different phases
upon the application of laser treatment. In this work, the microstructure evolution under exceptional gra-
dients in temperature and heating rates is thoroughly investigated. The extent of the laser-affected zone
and the heat input were tailored by varying laser parameters and specimen thickness, based on a model
that considers transient material properties and the coupling between temperature and microstructure.
The predicted temperature fields resulted in a complex interplay between martensite to austenite phase
transformation and martensite tempering. Considering the high heating rates of up to 25000 K/s and the
observed microstructures, it is suggested that austenite was formed by a pseudo-displacive mechanism
and subsequently fully recrystallised in the zones most directly affected by the laser heat source. A
smooth strength transition from austenite to martensite, affected by the laser parameters, could be
exploited for more effective deformation mechanisms and improved material mechanical properties.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Laser treatment is a widely used and well-established technol-
ogy in surface engineering because of its benefits over traditional
surface treatment methods [1,2]. Laser treatments permit fast pro-
cessing with high accuracy and localization of microstructure mod-
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ification by solid-state phase transformations of the near-surface
regions of materials. Making use of the fast heat release and heat
redistribution in metals, self-quenching conditions can be reached
to form martensite after applying a laser treatment over a ferritic
steel base material pursuing a surface hardening [3,4]. Lasers can
be also used for tempering, which can be exploited in tool steel
to produce a secondary hardening [5]. On the contrary, laser treat-
ment can result in a softening, e.g, in titanium alloy microstruc-
tures to improve their machinability [6].

In all these applications, a homogenous microstructure along
the material surface is sought and the microstructure only varies
in the direction of the material bulk. However, laser treatment
has been explored to create more sophisticated microstructures
in steel. Using shadow masks of different geometries, Andreev
et al. [7] and Pimenov et al. [8] produced gradient microstructures
in a Fe-Cr-Ni metastable austenitic steel by restoring a base cold-
rolled martensitic microstructure by laser treatment. Breukelman
et al. [9] also explored this concept to create patterned austenite/-
martensite mesostructures in Fe–Ni–C metastable austenitic steel.
Base martensitic microstructures were developed by a cryogenic
treatment, in which the strength of martensite was adjusted by
tempering. The authors demonstrated that by playing with the
austenite/martensite topology and the properties of the constitu-
tive phases in the mesostructure created by the laser, the macro-
scopic properties of these steels can be modified on demand.
These studies open new possibilities for using laser treatments
for dictating the microstructure of metal alloys in distinctive
mesostructure topologies with the capacity to reach exceptional
properties.

Fe–Ni–C steels have been extensively studied for the under-
standing of steel transformation mechanisms and kinetics depend-
ing on temperature variation rates and the application of strain
[10–12]. Mechanical induced austenite to martensite transforma-
tion provides Fe–Ni–C metastable austenitic compositions of high
work hardening and meritorious strength and uniform elongation
[9,12,13]. Good mechanical properties are maintained for the
duplex austenitic/martensitic microstructures formed upon cool-
ing to temperatures below room temperature or ausforming
[9,14]. Upon rapid heating, martensite to austenite reversion in
these steels is reported to result in austenitic microstructures with
high thermal and mechanical stability and enhanced mechanical
properties [10,15,16]. This calls for exploring new processing
routes of Fe–Ni–C austenitic steels involving rapid heating from
martensitic microstructures. High heating rates are typically
achieved by induction heating. The application of laser treatments,
producing highly local and surface-only extreme temperature vari-
ations in a short time, has been seldom studied in Fe–Ni–C steels.

Transient temperature fields with pronounced temperature gra-
dients will produce gradient microstructures in the laser-affected
zone (LAZ) of base martensite microstructures in Fe–C–Ni steels.
The microstructure will transit from: 1) reverted austenite at
regions affected by the laser heat to the extent of raising local tem-
perature to above the austinitisation point, 2) prassing through
regions consisting of duplex microstructures or tempered marten-
site as the peak temperature decreases from the laser spot, 3) to
the base martensitic microstructure unaffected by the laser heat
source. The width and depth of the regions affected by the laser
are mainly determined by the energy density supplied by the laser,
tailored by varying process parameters, and heat release or redis-
tribution mechanisms (e.g. self-quenching) are determined by
the specimen geometry. Controlling the temperature field and
understanding the effect of laser treatments on the material struc-
ture at different scales will enable the full benefit of the creation of
patterned mesostructured austenite/martensite Fe–Ni–C steels for
improved mechanical properties.
2

Obtaining accurate information on temperature and heating
rates as a function of location in the workpiece (x,y,z) and time
(t) is a challenging issue concerning measurements, especially in
the workpiece interior. The increase in computational power in
the last decades is making the use of models a powerful tool in this
respect. For a complete macro- or mesoscale model of heat treat-
ments in steel, i.e. a model that addresses the heat treatment in
terms of phase domains rather than on microscale features, a sys-
tem including the coupling between the thermal, microstructural
and mechanical state of steel needs to be considered. Bailey et al.
[17], collectively referred to this system as the Metallo-Thermo-
Mechanical (MTM) coupling system which is represented in
Fig. 1a. These couplings demonstrate, e.g, that a given stress state,
can induce a phase transformation (coupling number 5), which in
turn influences the temperature field through a change in thermal
properties (coupling number 4). The central role of carbon in
Fig. 1a emphasises its effect on transformation kinetics (mi-
crostructure change) and dislocation movement (strain/stress)
and indirectly on temperature by the different coupling effects.

The literature contains some interesting attempts to model the
MTM coupling system. Bailey et al. [17], proposed a model for
residual stress in AISI 4140 steel after laser hardening, which
solves the thermal field using an implicit finite volume method,
while simultaneously calculating phase transformation kinetics
and carbon diffusion. However, the effect of the microstructural
change on the thermal field, through e.g. latent heat, is neglected.
Patwa and Shin [18], posit a finite volume thermal-kinetic model
for AISI5150H, with constant density, and temperature-
dependent heat capacity and conductivity in the interval between
300 K and 1100 K, and a similar pearlite dissolution kinetics
approach as [4]. The thermal model does not consider other
parameters relevant to microstructural changes, such as heating
rate. Mioković et al., [19] developed a finite element model in
which microstructural changes were implemented based on TTT
diagrams for AISI 4140. Heat capacity and latent heat, conductivity,
and density are included in the model as phase-dependent param-
eters. Although interesting, the simplifications regarding the model
geometry and heat source limit the practical applications of this
model for laser-architectured microstructures. Telrandhe et al.
[6], showed the effect of heat build-up in the workpiece on pene-
tration depth during laser heat treatment of Ti6Al4V. They formu-
lated the heat equation with heat capacity and conductivity as
temperature-dependent parameters, alongside explicit modelling
of the laser heat source as a volume flux, as developed by Goldak
et al. [20]. Furthermore, an attempt is made to establish the effect
of laser process parameters, specifically scanning speed, on absorp-
tivity. While the absorptivity could be considered strictly as a
(temperature-dependent) parameter of the material surface, this
coupling between the process and the material offers an interest-
ing alternative approach.

The present work analyses the effect of laser parameters and
workpiece thickness on the microstructures and extent of the
LAZ of a Fe–Ni–C alloy with a martensitic base microstructure. A
detailed characterisation of the microstructure evolution under
the exceptional gradients in temperature and heating rate inherent
to laser processing is performed. To assist the interpretation of the
resulting microstructures, the laser process is modelled following
an MTM coupling system such as the one indicated in Fig. 1b,
which in conjunction with the phase change hysteresis for thermal
parameters, constitutes a novel approach to modelling laser treat-
ments in materials exhibiting solid-state transformations. The
model is validated by comparing its output with the microstruc-
ture along the laser-affected zone and the microstructures result-
ing from dilatometry experiments. Based on the results, the
challenges associated with the implementation of laser treatments



Fig. 1. (a) Metallo-Thermo-Mechanical coupling diagram drawn after (Bailey et al., 2009). 1: Mechanical heat, 2: Thermal strain, 3: Phase transformation, 4: Latent heat, 5:
Stress-induced phase transformation, 6: Dilatation strain. (b) Scheme of the current model.
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for the creation of controlled mesostructures in metal alloys are
discussed.
2. Modelling laser treatments

A Finite Element Model (FEM) was defined in COMSOL Multi-
physics� 5.3a to resolve the transient temperature development
in a 3D geometry. The temperature field was modelled using the
time-dependent heat equation, considering a laser heat flux based
on the control parameters of the laser equipment: Power (P), the
focal-spot diameter (ds) and velocity of the laser relative to the
workpiece (v). A full description of the parameters used, as well
as equipment and environmental constants assumed and defined,
can be found in a Data in Brief attached to this paper [21].

The temperature (T) variation over time (t) in the volume
domain is formulated as:

@T
@t

¼ k
qCp

ð@
2T

@y2
þ @2T

@y2
þ @2T

@z2
Þ þ q

qCp
ð1Þ

where the parameter q is the heat flux in the domain under consid-
eration. Eq.(1) contains three material parameters, heat conductiv-
ity (j), specific heat capacity at constant pressure (CP) and density
(q). These parameters are dependent on the temperature and
microstructural phase, and therefore have to be considered in light
of a phase change model for the case of the laser heat treatment
proposed in this work. This phase change, implemented using COM-
SOL’s Domain Ordinary Differential Equation functionality, compels
the use of a specific set of parameters based on the thermal history
of the model element.
Fig. 2. Three-dimensional representation of the modelled laser set-up and
temperature fields for a 4 mm thick workpiece resting on a cooper contact block
at a time frame when the laser is crossing its width (y-axis).

3

Fig. 2 shows an example of the model outcome. The figure
shows a three-dimensional representation of the workpiece at a
time frame when the laser is crossing its width. The specimen is
resting on a copper contact block that dissipates heat by conduc-
tion. Radiation and convective boundary conditions are also imple-
mented to model the heat transfer from the sample to the
environment. A detailed description of the boundary condition
can be found elsewhere in Data in Brief accompanying this paper
[21].

The fine mesh size along the laser spot’s trajectory was defined
to gain accuracy in the temperature prediction and to adequately
resolve the highly localised laser heat flux. The mesh size becomes
rougher in regions far from the laser influence to gain computation
efficiency. The colour scale is coded by different temperatures
reached along its geometry. Only half of the workpiece is shown
due to symmetry along the x-z plane.

Thermal measurements and sensitivity analysis of the absorp-
tivity of the workpiece were carried out and the validity of the
model is discussed in subsequent sections.
3. Materials and methods

3.1. Material and specimen preparation

A metastable austenitic steel with a composition of 0.2C-25Ni-
0.02Mnwt.% is selected for the study. The alloy exhibits a fully aus-
tenitic microstructure at room temperature, which can be turned
into a martensitic microstructure by a quenching treatment in liq-
uid nitrogen (77 K).

The alloy was vacuum cast in an 80 mm � 80 mm � 400 mm
billet that was subsequently forged to a
50 mm � 50 mm � 1000 mm billet and homogenised at 1273 K
for 12 h. Dilatometry cylindrical specimens (Fig. 3a) and flat cou-
pons (Fig. 3b) of 1 mm and 4 mm thickness were machined from
the billet. All machined specimens were subjected to an alkali chlo-
ride salt bath treatment at 1200 K for 600 s to develop an austenitic
microstructure. Thereafter, specimens were immersed in liquid
nitrogen for 300 s to obtain a fully martensitic base microstructure.

3.2. Application of heat treatments by laser and dilatometry.

A Trumpf HL3006D Nd:YAG laser with a continuous wave pulse
at a wavelength of 1064 nm and a focal length of 170 mmwas used
for the localised laser treatments. Specimens surfaces were ground
up to a P80 sandpaper grit finish to mitigate the risk of specular
reflection of laser radiation. The schematic of the experimental set-
ting is shown in Fig. 3c. The laser parameters P, v and ds were var-
ied to assess their effect on the microstructure and extension of the



Fig. 3. Scheme of different machined specimens: (a) dilatometry specimens, (b) flat coupons for laser experiments, together with (c) laser experimental settings.
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laser-affected zone (LAZ). The area projected by the laser beam on
the specimen surface is regulated by the change in the height of the
laser source concerning the flat workpiece, h, considering that ds
was at its minimum of approximately 0.45 mm for a height of
170 mm, 0.78 mm for a height 180 mm and 1.02 mm for a height
of 190 mm. During laser treatments, temperature measurements
were conducted using K-type thermocouples positioned at differ-
ent distances from the heat-treated areas.

To have a better understanding of the microstructures devel-
oped during laser treatments, additional heat treatments mimick-
ing localised heat treatments in specific parts of the specimen were
carried out in a Bähr DIL 805 A/D/T dilatometer. A vacuum atmo-
sphere (2∙10�5 bar) was maintained during heating. A K-type ther-
mocouple was spot welded to the middle of the dilatometer
specimen surface for temperature control. Heat treatments con-
sisted of heating solid dilatometry specimens at 100 K/s to temper-
atures varying from 473 K to 1373 K in 100 K steps followed by an
isothermal time of 2 s before they were cooled down by helium gas
at a rate of 100 K/s.
3.3. Microstructure characterisation

Specimens, both laser treatments and dilatometry, were metal-
lographically prepared by grinding and polishing to 1 lm diamond
paste for microstructure characterisation. To reveal the austenitic
microstructure, specimens were etched with waterless Kalling’s
#2 reagent (5 gr CuCl2 + 100 ml of HCl at 33% + 100 ml Ethyl alco-
hol). Nital 2% etching was used to reveal the martensitic
microstructure. Light optical microscopy (LOM) was performed
using a Leica DMLM and a Keyence VHX-100 digital microscope.
A JEOL JSM-6500F scanning electron microscope (SEM) in sec-
ondary imagining detection mode was used for a detailed charac-
terisation of the microstructures. Hardness Vickers HV0.2 was
measured in an EMCO G5 DuraScan.

To determine the retained austenite fraction after cryogenic
treatment, X-ray diffraction measurements were carried out in a
Bruker D8 Advance diffractometer in Bragg-Brentano geometry
with a graphite monochromator and Vantec position-sensitive
detector. Cobalt radiation was used to obtain a diffractogram cov-
ering 20��135� with a step size of 0.021� 2h and counting time per
step 2 s. Rietveld refinement was used in the peak identification
and quantification of phase fractions. The peaks {111}, {200},
{220}, {311} and {222} for austenite and {110}, {200}, {211}
and {220} for martensite were analysed.
4

4. Results

4.1. Base materials characterisation

Fig. 4a shows a micrograph of the base austenitic microstruc-
ture. An average austenite grain size of 72 ± 4 lm was obtained
after the analysis of more than 100 grains by ImageJ software
based on a methodology described in [22]. A large population of
twins is observed in the microstructure. Some martensite forma-
tion is noticed close to the specimen surface.

After quenching in liquid nitrogen, butterfly-type martensite is
formed (Fig. 4b). XRD analysis revealed a 0.08 ± 0.01 fraction of
austenite in this microstructure. Umemoto and Tamura [23],
reported that this type of martensite can form in various ferrous
alloys and typically consists of two butterfly wings, each one con-
stituting a single twin pair of martensite with a relative misorien-
tation angle of 16�. Sato and Zaefferer [24] and Apple and Krauss
[25] made a similar description of butterfly martensite formed
below room temperature in a Fe–30Ni wt.% alloy and a Fe–25Ni–
0.3C wt.% alloy, respectively.

A specimen with the described martensitic microstructure was
tempered by heating it to 523 K during 1800 s in a sodium nitrite
salt bath to characterise the microstructure changes occurring in
martensite upon moderate heating. As shown in Fig. 4c, white-
etched butterfly wings are not clearly distinguishable any longer,
and the microstructure turned brownish likely due to the forma-
tion of carbides. The hardness HV0.2 of the initial austenitic,
martensitic and tempered martensitic microstructures are
212 ± 15, 387 ± 10 and 353 ± 12, respectively.
4.2. Dilatometry experiments.

It is important to understand the characteristics of martensitic
and austenitic microstructures that can be developed at different
temperatures in the present material, to facilitate the identification
of microstructures and properties of the laser-treated zones. With
that aim, dilatometry experiments reaching different target top
temperatures were carried out, followed by cooling at 100 K/s.
The resulting specimens’ microstructure and hardness were deter-
mined so they can be compared to those developed at different
points of the laser-treated material.

Fig. 5 shows the experimentally measured hardness of these
dilatometry specimens as a function of the top temperatures, in
which the martensite to austenite start, As, and finish, Af, tempera-



Fig. 4. (a) Initial austenitic microstructure. (b) Martensitic microstructure after cryogenic treatment in liquid nitrogen. (c) Tempered martensite microstructure.

Fig. 5. Hardness at different temperature steps of dilatometry specimens. The
boxes are delimited by the lower and upper quartiles, Q1 and Q3, respectively, and
the line crossing through them is the data median, Q2. The end of the whisker
marks off the lowest datum within 1.5 times IQR (IQR = Q3- Q1) below Q1 and the
highest datum within 1.5 times IQR above Q3. The symbol ‘‘*” represents the
maximum and minimum values.

H.J. Breukelman, M.J.M. Hermans, M.J. Santofimia et al. Materials & Design 227 (2023) 111772
tures obtained from the dilatometer at 100 K/s heating rate are
specified. In the temperature interval from room temperature to
As, the hardness monotonically decreases with increasing temper-
ature. Since the peak temperature for these three experiments is
below As, there is no formation of austenite, and the reduction of
hardness is attributed to martensite tempering. Bhadeshia and
Honeycombe [26] describe steel tempering as involving the segre-
gation of interstitial carbon, carbide formation and possibly a
decrease of dislocation density, all resulting in a reduction of hard-
ness. When the top temperature reaches As, there is a significant
drop in hardness due to austenite formation, which remains the
stable phase at room temperature. The hardness decrease with
increasing temperature for the temperature range above Af can
be attributed to the recovery and recrystallization of austenite.

The microstructure obtained after cooling from a peak temper-
ature of 1073 K is shown in Fig. 6a. This microstructure adequately
represents the characteristic microstructural features observed
after cooling for heat treatments with peak temperature in the
873 K to 1173 K temperature interval. A light grey-etched austeni-
tic microstructure is developed with the sporadic observation of
brownish butterfly martensite wings. A hierarchical microstruc-
ture is observed in which big austenite grains of more than
5

100 lm size seem to be fragmented into smaller grains resembling
packets. A big population of twin-like features are also visible, but
the continuity of parallel facets seems at times interrupted. Krauss
[11], referred to these features as reversal twins and proposed that
they are derived from martensitic plates arranged in more or less
parallel groups. Wavy austenite grain boundaries (wb) are com-
monly observed as if they were outlined by a combination of prior
butterfly martensite wings. A prior butterfly martensite (cBM)
shape is maintained by some austenite grains, as indicated in
Fig. 6a.

Fig. 6b shows the austenitic microstructure obtained at 1273 K.
Wavy austenite grain boundaries appear to be blunted into a more
curved shape. Some austenite grains appeared to be fragmented
into smaller subgrains that are lightly etched (cF). Austenite grains
of less than 10 lm were also sporadically observed next to coarser
austenite grains as indicated by arrows (cR). These small grains are
likely recrystallized austenite grains.

4.3. Microstructure at the LAZ

In this section, the microstructures developed along the LAZ of
the 4 mm-thickness specimens are analysed for a selected combi-
nation of laser parameters shown in Table 1. The laser spot diam-
eter is 0.78 mm in all conditions. All these conditions are extracted
from a preliminary study in which 20 laser set-up parameters were
experimentally investigated following a factorial design of experi-
ments. This study can be consulted in the Data in Brief, accompa-
nying this paper [21]. The selected conditions do not exhibit
melting and result in homogeneous and visible development of
an austenite region at the LAZ both at the surface and penetrating
the specimens. In Table 1, the linear energy, a common metric
[27,28] to describe energy input in laser welding is included,
defined as:

EL ¼ gP
v ð2Þ

where g denotes the process efficiency, which is assumed to be con-
stant (g = 1) for all conditions. The linear energy facilitates a com-
parison between the four laser lines, demonstrating that although
laser power was significantly higher in Line 1 and Line 2, the slower
workpiece velocity should result in more energy deposition in the
case of Line 3 and Line 4.

Fig. 7a shows the microstructure at the surface of the laser Line
1. The straight path of the laser-affected zone can be distinguished.
Adjacent to this zone, several well-differentiated regions with
characteristic microstructural features were observed in the mag-
nified micrograph of Fig. 7b. The region most directly affected by
the laser beam, Z1 in Fig. 7c, exhibits an austenitic microstructure
with a small grain size (24 ± 1 lm) which develops along 1.3 mm.



Fig. 6. Light optical microscopy images of microstructures obtained by dilatometry after heating at 100 K/s to (a) 1073 K and (b) 1273 K, followed by cooling to room
temperature. wb = wavy boundaries, cBM = austenite grain retaining the shape of prior butterfly martensite, cR = recrystallized austenite grain, cF = fragmented austenite
grain.

Table 1
Laser experiment parameters power (P), working piece speed (v), and linear energy
(EL) of four selected laser lines for a constant laser diameter ds = 0.78 mm.

P (W) v (mm/s) EL (J/mm)

Line 1 400 25 16
Line 2 400 20 20
Line 3 200 5 40
Line 4 200 2.5 80
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The adjacent region, Z2 in Fig. 7c, consists of large austenite grains
with 172 ± 7 lm average size and extends 0.35 mm from the limits
of Z1. A dark etched region of 0.2 mm, Z3 in Fig. 3c, delimits the
frontier between the central austenitic region and the bulk marten-
sitic microstructure. The frontier between Z2 and Z3 regions
defines the Af isotherm line in experimental observations.

The hardness HV0.2 profile, shown in Fig. 7c, is explained by the
regions delimited in the microstructure analysis. Forouzan et al.
[29] studied the hardness dependence of submicron-grained auste-
nitic steel and concluded that the Hall-Petch relation holds down
to at least 300 nm of grain size. Remarkably, the HV0.2 of small
austenite grains in the present study is less than that of large
austenite grains, which contradicts the Hall-Petch relation preva-
lent in austenitic steels for such a grain size interval. However,
the hardness matched well with that measured in the dilatometer
Fig. 7. (a) Light optical micrograph showing an overview of the Line 1 LAZ microstructu
profile along the direction perpendicular to the laser travel direction.

6

specimens for temperatures higher than 1173 K. A plausible expla-
nation for the low hardness in Z1 is a decrease in dislocation den-
sity by recovery and recrystallization, which is in line with the
observation of small austenite grain sizes. Hardness progressively
increases from the dark etched region (Z3) to the base as-
quenched martensitic microstructure.

The microstructure at the surface of Line 2, Line 3 and Line 4
exhibit the same zonation described for Line 1, as shown in LOM
micrographs coupled with hardness profiles of Fig. 8 a to c. The
extent of these regions varies depending on the laser parameters
and is gathered in Table 2. The ratio of different zones’ widths,
Z1/(Z1 + Z2), is 0.65, 0.77, 0.64, and 0.64 for Lines 1, 2, 3 and 4,
respectively. Apart from Line 2 and considering experimental inac-
curacies, this ratio does not significantly vary for different lines,
which for the selected laser conditions suggests that the ratio is
independent of the combination of parameters.

Fig. 9a (right-side) shows the specimen cross-section normal to
the laser line of Line 1. The left side of this figure shows model
results that will be explained in the next section. The microstruc-
ture at the laser-affected zone exhibits similarities with the speci-
men surface, but different zones develop radially. Below the
surface, the region with small austenite grain sizes penetrates
150 lm through the specimen bulk and large austenite grains
dominate in the austenitic region of the LAZ. Butterfly martensite
re at the surface of the 4 mm specimen. (b) Magnified image. (c) Hardness (HV0.2)



Fig. 8. Hardness (HV0.2) profile along the perpendicular direction to the laser line coupled with light optical micrographs of LAZ at specimen surface for (a) Line 2, (b) Line 3
and (c) Line 4.

Table 2
Modelled and experimental extension of the different zones in the austenitic region at LAZ (Region B in Table 1). The divergence between modelled and experimental values in
percentage is shown in (±). The error of experimental determination of different regions is estimated to be ±0.1 mm. In the simulated results, Af is considered 800 K.

T > Af (simulated) T > Af (experimental)
Width (mm) Depth (mm) T at Z1

(K)
Width (Z1 + Z2)
(mm)

Width (Z1)
(mm)

Depth
(Z1 + Z2)
(mm)

Line 1 2.28 (+13%) 0.52 (+8%) 1412 2.01 1.3 0.48

Line 2 2.33
(+5%)

0.63
(+3%)

1316 2.22 1.8 0.61

Line 3 2.28 (+4%) 0.62
(+5%)

1430 2.19 1.4 0.59

Line 4 2.93
(-7%)

0.96
(-10%)

1328 3.15 2.0 1.07
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wings are sporadically observed within austenite grains near the
surface. A magnified micrograph of Fig. 9b reveals that the dark
etched region consists of butterfly martensite with a blueish tone,
probably as a result of carbide precipitation, and a white etched
feature, likely austenite.

Fig. 10 shows a magnified SEM micrograph of the microstruc-
ture of the interface region, in which needle-like carbides are pre-
7

sent along the transformation twins in butterfly wings and
lenticular martensite. Blocks and films of retained austenite are
also observed. As the base as-quenched martensite region is
approached, the butterfly martensite wings turn brownish in
Fig. 9b, similar to the observation in the tempered martensitic
microstructure of Fig. 4c, and the population of white etched
islands decreases. Far from the LAZ, the martensitic microstructure



Fig. 9. (a) Light optical microscope image of the cross-section of the LAZ together with the temperature field predicted by the thermal model. (b) Magnified image showing
the transition between fully austenitic and fully martensitic regions. (c) Hardness profile along the blue and red dotted lines for Line 1, and Line 2, in (a). The different regions
are referred to as 1 to 4 and correspond to Z1, Z2, Z3 and base material respectively. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 10. SEM micrograph of the interface region between austenitic and base
martensitic microstructure. Carbides are pointed by C and austenite by A.
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exhibits a lighter colour comparable to the as-quenched
microstructure in Fig. 9b.

Hardness monotonically increases along with the specimen
depth, as can be seen in Fig. 9c, until reaching the maximum hard-
ness in the as-quenched martensite. Along the first 200 lm from
the surface, the hardness increases abruptly. This region coincides
with the observation of small austenite grains. The hardness profile
near the surface is likely explained by decarburization as the
austenite grain size does not extensively vary in this region. Hard-
ness remains relatively constant between 200 lm to 450 lm coin-
ciding with the large austenite grains region. A similar description
8

can be made for the rest of the laser lines. The measured maximum
penetration depth of the austenite region of the four different stud-
ied lines can be consulted in Table 2.
4.4. Modelled temperature fields

In this section, the modelled temperature fields and heating
rates of the four selected laser conditions (Table 1) are presented
and the accuracy of the model is assessed. Line 1 is simulated over
two different thicknesses, 1 mm and 4 mm, to analyse the effect of
thickness on the resulting temperature fields.

Fig. 11a shows the simulated temperature fields over the sur-
face of a 4 mm thickness specimen subjected to the selected com-
binations of laser parameters. The maximum of the colour scale
indicates temperatures higher than 800 K, which corresponds to
the Af measured using a dilatometry specimen heated at 100 K/s.
The predicted widths of the austenitic region are shown in Table 2.
The shape of the temperature field at a specific time varies with
laser conditions, with an oval contour for high workpiece velocities
and a more circular one for low velocities. Temperature gradients
will result in microstructure gradients in the laser-affected zone.

It is difficult to experimentally measure peak temperatures
directly at the laser focus. Modelled peak temperatures resulted
to be as high as 2000 K in the case of Line 2, and in general similar
to or higher than 1733 K, which is the melting temperature pre-
dicted by ThermoCalc�. The absence of melting traces at the differ-
ent specimen surfaces is not sufficient to discard that model-
predicted peak temperature were not achieved. Peak temperatures
only last a few centiseconds and melting kinetics may lag behind
laser rapid temperature changes.



Fig. 11. (a) Top-view (specimen surface) of the modelled temperature fields for the four different laser lines. (b) Sensitivity analysis of the effect of change in absorptivity in
the change of peak temperature at different locations.
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Model accuracy relies on the selection of absorptivity and latent
heat of the martensite to austenite phase transformation, for which
an estimation had to be made due to limited available data. To
investigate the effect of these estimates, a sensitivity analysis
was carried out. In Fig. 11b, the model sensitivity to absorptivity
is shown. Bergström [30], reported an absorptivity range of 0.5–
0.8 for a variety of steels and surface conditions. Based on this
study, the absorptivity was varied within this range in the present
analysis. The middle of this range, with an absorptivity of 0.65, was
taken as the reference point. As can be seen, the peak temperatures
at different locations of the LAZ are strongly influenced by varia-
tions in absorptivity. A miscalculation of ±10 % of absorptivity
shows an increase of ±6–8 % of peak temperature at points close
to the laser focus, i.e. 120–160 K. Nevertheless, the peak tempera-
ture is less sensitive to variation of absorptivity as the distance to
the focal point increases. The effect of latent heat on the model
outputs was shown to be very limited, with changes in peak tem-
peratures at regions close to the laser focus of less than 5 % for a
variation of 60% in the reference latent heat of 19.7 kJ/kg.

Current progress in material development and structural design
has enabled a reduction of component thickness. The achievement
of an austenitic region that spreads out all over the specimen thick-
ness will be critical for the development of patterned microstruc-
tures in engineering applications such as body-in-white steel
components used in the automotive industry. In Fig. 12a, the effect
of thickness, on the modelled thermal field is demonstrated by
comparing the different penetration depths of Line 1 conditions
for thicknesses of 1 and 4 mm. Along the cross-section, the temper-
ature field is radial, though it is more flattened in the 4 mm than in
the 1 mm specimen. Full-depth austenitisation is predicted to be
achieved in the 1 mm thick specimen, in contrast to the 0.47 mm
depth in the 4 mm specimen. This full-thickness penetration was
experimentally validated in Ref [9]. The predicted maximum pen-
etration depth of the austenitic region for the rest of the laser lines
applied in the 4 mm thickness specimens is shown in Table 2.

A validation measurement of temperature variation over time
was carried out on a 1 mm sample subjected to the Line 1 condi-
tion. Two thermocouples were placed on a specimen: 3 mm from
the laser spot centre (Thermocouple 1), and directly below the
laser spot centre (Thermocouple 2), as shown in Fig. 12b. The peak
temperature of Thermocouple 1 reached 500 K and Thermocouple
2, 820 K. These temperatures are in line with the temperatures pre-
dicted by the model in Fig. 12a, which validates the model predic-
9

tions and demonstrates that full penetration of austenitic regions
can be achieved in sheets with a thickness of up to several millime-
tres. A peak temperature variation of ±2 % is predicted at Thermo-
couple 1 position when absorptivity is varied by 10 % (see Fig. 12b),
which is a reasonable error considering the uncertainty in the
value of absorptivity.

It is well known that the martensite-to-austenite transforma-
tion mechanism differs depending on the heating rate [10], which
will strongly influence the final microstructure and mechanical
properties of the austenite. Heating rates at different locations
can be assessed through the thermal model. Fig. 13 shows the
experimental and simulated temperature change rates over time
at the position of the two thermocouples in the 1 mm thickness
specimen. Similar trends are followed by both curves. However,
predicted maximum heating rates are lower than that experimen-
tally recorded, while temperature decreases faster in simulated
specimens. It should be noted that the experimental record of
Thermocouple 1 shows a limited quenching rate of 25 K/s, whereas
Thermocouple 2 registered a maximum of 475 K/s. Despite some
obvious differences in the experimental and simulated results, it
can be concluded that simulations can give a good estimation of
the order of magnitude of the heating rate at specific points of
the laser-treated specimen, which would be very challenging to
obtain directly by experimental methods at the laser focal point.

5. Discussion

5.1. Assessment of temperature fields at LAZ

The thermal FEM results, presented in sections 4.3 and 4.4,
should suffice for an order-of-magnitude estimate of the heating
rates and peak temperatures that occur in the laser heat treatment.

Absolute peak temperature in the laser-affected zone, as shown
in Fig. 11a, shows a consistent overestimation of temperature at
the laser focal point by the model. No melting was observed in
optical micrographs of either top view or cross-section samples,
despite modelled peak temperatures above the melting tempera-
ture of the alloy. This might be due to prohibitively short residence
times at these temperatures, resulting in kinetic limitations on
melt formation, or due to insufficient mesh refinement in the laser
spot area of the FEMmodel. However, the comparison of width and
depth of the Z1 + Z2 zone as measured by optical microscopy, com-
pared to model prediction using a static Af of 800 K, shows agree-



Fig. 12. (a) Modelled temperature fields at the cross-section of 1 mm and 4 mm specimens. (b) Temperature versus time was measured by two different thermocouples
placed at different positions of the 1 mm specimen during the application of Line 1 laser conditions.

Fig. 13. Comparative of temperature change rate with the time of experimental and modelled specimens in the position of (a) Thermocouple 1 and (b) Thermocouple 2,
(according to Fig. 12b) for Line 1 laser conditions.

H.J. Breukelman, M.J.M. Hermans, M.J. Santofimia et al. Materials & Design 227 (2023) 111772
ment to within 10% for most cases (Table 2). This prediction of spa-
tial extent using the model is equivalent to a peak temperature iso-
therm equal to Af, and given its importance in the engineering of
these mesostructured zones, this is considered a strong validation
for the applicability of the model. The remaining deviation
between the experiment and model at the 800 K isotherm can be
explained by: 1) the experimental error in the measurement of
the zones estimated in the order of ±0.1 mm, 2) the simulated
results correspond to a static reference Af temperature at 100 K/s,
which can vary around 45 K in the heating rate range from 1 K/s
to 30∙103 K/s [25], affecting the extent of the regions as predicted
by the thermal model, 3) imprecisions inherent in the model set-
tings, in particular in the uncertainty of absorptivity, which has
demonstrated to have a strong effect on the simulated temperature
field as depicted in Fig. 11b.

Another source of error may lay in the exclusion of some cou-
pling effects by the model. The temperature field along the cross-
section of Line 1 predicted by the model is superimposed on a light
optical micrograph in Fig. 9a. As and Af isotherms are delineated in
white. The predicted intercritical region is in good agreement with
the darkly etched microstructure. However, the dark etched region
10
seems to intrude in the predicted full austenitisation region and
austenite is marked by features resembling martensite as shown
in Fig. 9b. Despite the model accounting for coupling effects
between temperature and microstructure, it does not consider cou-
pling effects between the stress fields and microstructure. Dagbert
et al. [31], showed that austenite exhibits instability upon applica-
tion of strain in several Fe–Ni–C alloys ranging in the composition
of the present alloy. Matsumoto et al. [32], related local stress field
in austenite and variant selection in deformation-induced marten-
sitic transformation in Fe–24Ni–0.3C alloy. It is reasonable to
assume that stress develops during the laser treatment close to
the interface between austenitic and martensitic regions due to a
mismatch in thermal expansion coefficients. This stress will pro-
vide an extra driving force for the formation of martensite, which
might also explain discordances between the microstructure at
the LAZ and the predicted temperature field.

A comparison between model-estimated and experimentally-
determined heating rates can be made based on the thermocouple
measurements presented in Fig. 13. It is apparent that at both loca-
tions where measurements were made, the model predicts lower
peak heating rates, with experimental results 30–40% higher than



Fig. 14. Modelled temperature change rate with the time of 1 mm specimen at
different depths for Line 1 laser conditions.
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predicted. Although these measurements were only carried out on
a 1 mm workpiece, where the effect of total heat input on heating
rate will be significantly higher due to the reduced bulk available
for heat dissipation, this does suggest for the model in general that
thermal properties, primarily heat conductivity, should be
improved to establish a better estimate of heating rate.

In conclusion and based on available evidence in light of exper-
imental results, the model predictions of the temperature field can
be considered accurate enough for further analysis on the opti-
mization of process parameters and a better understanding of
the microstructures developed at LAZ.

5.2. Effect of process parameters

Results obtained from the range of microstructures formed in
the factorial design and thermal model highlight the importance
of choosing the correct combination of laser processing parame-
ters. Additionally, material and surface characteristics, like speci-
men absorptivity, and workpiece geometry should be considered
to control the width and depth of the austenitic regions in austen-
ite/martensite patterned mesostructured materials.

One notable effect of the variation in laser process parameters
should be the extent of the LAZ. The linear energy (Table 1) of Line
1 and Line 2 are similar, but despite a marked increase in EL for Line
3 and Line 4, only Line 4 shows a marked increase in the width and
depth of the LAZ. In contrast to the monotonous increase in EL,
Fig. 11a shows a substantial difference in thermal field geometry
when comparing Line 1 and Line 2 to Line 3 and Line 4. The radial
symmetry and lack of a ‘comet’s tail’ in the thermal field of Line 3
and Line 4 shows that, relative to the workpiece velocity, the heat
has ample time to dissipate evenly in the low P, low v laser lines.
This change will influence the assumed process efficiency (Eq.
(2)), given that the dissipation of heat over comparatively large dis-
tances will reduce the heat available for the microstructural pro-
cesses that determine the extent of the LAZ. A similar effect is
observed in laser weld pools [33], where the critical timescale is
related to convective flow in the weld pool. A decreased process
efficiency can reasonably be assumed to result in a similar EL for
Line 3, compared to Line 1 and Line 2. The larger extent of Line 4
is a direct result of its significantly higher nominal (g = 1) EL.

The achievable minimum width of the austenite region in the
patterned microstructures proposed in this work will not only
depend on the technical capacity to reduce the laser spot size
but on the laser power and workpiece speed. The width of the
austenite region becomes closer to the laser spot size as the laser
power is reduced and the speed is increased, i.e. the heat input
per area per unit time is reduced. This combination of laser param-
eters also results in steep thermal gradients, which are in principle
desired to minimise the transition region between the austenite
and base martensite microstructure. However, the penetration
depth of the LAZ is strongly reduced as the laser power is reduced
and the workpiece speed is increased.

Another important parameter influencing the LAZ is the speci-
men thickness. The changes in the LAZ for identical laser process
parameters applied to different thickness is related to the heat dif-
fusivity into the bulk of the material. Due to the high thermal con-
ductivity of metals, the conductive heat flow within the bulk is
orders of magnitude larger than heat transfer to surrounding
media (e.g. air, working surfaces), especially at the short timescales
under consideration in laser or inductive heating. Therefore, when
a significant amount of bulk is available, the heat will spread
quickly, to such an extent that 1) high cooling rates are achieved,
and 2) only a limited amount of the sample is influenced enough
by the heat to change its microstructure. Hung et al. [34], referred
to this phenomenon as self-quenching and used it as the basis for
the surface hardening of AISI 1045. Self-quenching relies on rapid
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and limited heat input, which locally alters microstructures, being
dissipated into the bulk metal rapidly enough to limit the influence
of the heat treatment beyond a certain depth. A larger extent of the
LAZ is observed in the direction of the sample thickness when the
material bulk is limited, as illustrated in Fig. 12a. This mechanism
results in a pronounced influence of the sample geometry on the
processing window of a localised laser heat treatment.

Finally, the absorptivity of the specimen has a strong influence
on the temperature field and can be altered by changing the sur-
face roughness or applying masks. The combination of laser param-
eters, specimen thickness and specimen absorptivity will
determine the aspect ratio between width and depth. The minimi-
sation of the microstructure transition region by an optimal com-
bination of process parameters will be evaluated in future work.
5.3. Gradient microstructures at LAZ.

Meshkov and Pereloma [10], reviewed the martensite-to-
austenite transformation mechanisms of Fe–Ni–C alloys. The
resulting microstructure varies depending on the transformation
mechanism, which is strongly influenced by the heating rate and
composition. Shirazi et al. [35], reported a displacive mechanism
in a Fe–23Ni alloy even at relatively low heating rates of 100 K/s.
Apple and Krauss [25], analysed the change of As and Af tempera-
tures and microstructures depending on the heating rate in a steel
composition similar to that in the present study. They suggested a
pseudo-displacive martensite to austenite transformation mecha-
nism at heating rates higher than 3000 K/s.

Fig. 14 shows simulated temperature change rate curves at dif-
ferent depths in the centre of the laser beam trajectory for the Line
1 condition. The temperature change rate varies markedly with
depth indicating steep gradients along the specimen thickness.
Maximum heating rates range the 5000–25,000 K/s within the
LAZ depth. According to the experimental results, the actual heat-
ing rates can be even higher. At these high heating rates, marten-
site to austenite transformation in Fe–Ni–C alloy might occur by
displacive or pseudo-displacive mechanisms in the whole laser-
affected zone.

Austenite formation by displacive transformation mechanisms
leads to austenite grains that reproduce the prior austenite grains
concerning the shape, size and orientation, which is typically
referred to as the memory effect. The memory effect was observed
in FeNiC alloys [15,36] in which reverted austenite grains develop a
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higher dislocation density than that for initial grains, which is
likely inherited from the martensite. Depending on the achieved
temperature and time, the freshly transformed austenite grains
under displacive mechanisms might exhibit partial recovery of
these dislocations or recrystallization, resulting in fine austenite
grains replacing larger recovered ones [36].

Two well-differentiated austenitic microstructures were
observed at the surface of LAZ in all laser lines (Fig. 7 and Fig. 8).
Fine austenite grains were formed in the region most directly
affected by the laser beam, Z1, usually larger than the laser spot
size. Coarse grains were formed in the region close to the interface
with the martensitic base microstructure. These coarse austenite
grains matched well with the initial austenitic microstructure
and with the assumption of a displacive mechanism of transforma-
tion when adhering to the proposed memory effect. Fine grains are
presumed to be recrystallised grains and thus Z1 can be considered
to display locations in which temperatures higher than the recrys-
tallisation temperature were reached. The simulated temperatures
at the distance delimiting Z1 for Lines 1 to 4 conditions are in the
range of 1315 K to 1415 K (see Table 2). Heat-treated dilatometry
specimens below 1173 K did not show a recrystallized structure.
However, recrystallized austenite grains were sporadically
observed in specimens heated above 1173 K (see Fig. 6b).

The smooth decrease in hardness with increasing peak temper-
ature measured in dilatometry specimens below the 1173 K is
likely explained by the initiation of dislocation recovery in austeni-
tic microstructures. In line with the results of Apple and Krauss
[25], a diffusive mechanism likely occurs upon 100 K/s heating in
a dilatometry specimen. This should lead to a lower density of dis-
locations, and thus to a lower hardness, compared to a more dis-
placive transformation character at LAZ. Similarities in hardness
profile along the width and depth of the Z2 region to those mea-
sured in dilatometry specimens are explained by several factors.
In the dilatometry specimen, carbon content is close to the nomi-
nal composition. Higher carbon content in the austenite will coun-
teract the possible decrease in hardness by reduction of
dislocations in the austenite at the bulk of the dilatometry speci-
men. Decarburisation is to some extent expected in the Z2 region
at the LAZ surface, although a priori, this should not be the case
in the Z2 region at LAZ depth. However, high heating rates at LAZ
might also result in incomplete carbide dissolution, as discussed
by Meshkov and Pereloma [10]. Incomplete carbide dissolution
would not only explain the hardness values but supports the the-
ory of a displacive mechanism. The observation of carbides might
require special characterisation, which is not the scope of the pre-
sent work.

The sudden drop in hardness above the 1173 K in dilatometry
specimens matched well with the initiation of recrystallisation.
This situates the recrystallisation temperature 200 K below that
estimated in the laser-treated specimens. The high population of
small grains in the Z1 region at LAZ compared to dilatometry spec-
imens suggest that recrystallisation is completed in the former and
just only initiated in the last. This would be in agreement with the
high predicted temperatures at LAZ at which full recrystallisation
would be achieved. The current state-of-the-art application of
ultrafast heating to steel (in the range of 1000 K/s) shows a note-
worthy influence on the heating rate in the recrystallisation of steel
microstructures. Castro Cerda et al. [37] and Li et al. [38] evidenced
that, although the recrystallisation onset temperature remains
barely unaltered by the heating rate in low carbon steel, the recrys-
tallisation fraction with temperature curve is slightly shifted to
higher temperatures when the heating rate increases. Valdes-
Tabernero et al. [39], showed that recrystallised fraction is affected
by soaking time after ultrafast heating of low-carbon steel. In the
present study, large differences in heating rates justify the diver-
gences between the recrystallisation temperatures obtained by
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dilatometry experiments and that combining the thermal model
with the observation of microstructures at LAZ. An equivalent
hardness is obtained in Z1 at LAZ surface and dilatometry speci-
mens despite the marked differences in grain size. Besides the
obvious differences in recrystallization completion, which will
affect the dislocation density of austenite, decarburization near
the surface of LAZ would counteract the effect of small austenite
grain size on increasing hardness.

The possible occurrence of pseudo-displacive martensite to
austenite transformation mechanisms and austenite recrystalliza-
tion have been shown to strongly influence the austenite hardness.
This will be reflected in its work hardening and mechanical stabil-
ity upon deformation. The observed progressive hardness transi-
tion from austenite to base martensite might be positive for a
more effective stress and strain transfer between the austenite
and martensite, enhancing the macroscopic properties of
mesostructured austenite/martensite steels [40]. This gradual tran-
sition is not only achieved by the differences observed in the
austenite microstructures affected by the steep peak temperature
and heating rate gradients, as previously discussed. Below As, the
decrease of hardness in martensitic microstructures with temper-
ature is a reflection of increasing martensite tempering. The
decrease of hardness measured upon heating from temperatures
in the range of 473 K to 773 K in dilatometry specimens (Fig. 5)
matches well with the hardness fluctuation measured from the
base material to the dark etched regions of different laser lines,
Z3 in Fig. 7, Fig. 8 and Fig. 9c. The severity of tempering will be
influenced by the time the specimen is exposed to temperatures
in the tempering range and will vary depending on the heating
and cooling rates achieved. The agreement between the hardness
of dilatometry and laser-treated specimen evidence that short
tempering times can have a significant local influence on the
martensite microstructure and properties.

This work provides a comprehensive vision of how the extent of
austenite and tempered martensite regions can be engineered in a
base martensitic microstructure by varying the localised laser
treatment process parameters. It is common knowledge in brazing
that the geometry of the joint of two materials with dissimilar
strength influences the yield and uniform tensile stresses of the
weak material, leading to values several times higher than that
of the material alone [41]. These effects can be exploited in large
mesostructure steel components with enhanced properties, in
which the application of laser treatments can be straightforwardly
industrialized at the finished part level for such purposes. The
topology of the mesostructure can be varied to enhance the defor-
mation mechanisms of the different phases, resulting in improved
mechanical performance in terms of, e.g., energy absorption and
tolerance to damage. Hence, mesostructured steel will find many
applications in sectors such as the automotive industry, aerospace
and energy production or transportation.

6. Conclusions

Austenite/martensite mesostructures can be created in Fe–Ni–C
steel by solid-state transformations using localised laser heat treat-
ments. A processing window was established based on the analysis
of resulting microstructures after the variation of laser parameters,
which was supported by heat treatments at a dilatometer and the
formulation of a thermal model. The following conclusions were
extracted:

� A gradient microstructure showing a complex interplay
between martensite tempering, martensite to austenite phase
transformation dynamics, recovery and recrystallisation is
developed along the laser-affected zone.
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� The extent of different microstructure zones can be tailored by
varying laser parameters, specimen thickness and absorptivity.

� The instantaneous metallo-thermal coupling implemented in
the proposed thermal model, in conjunction with the phase
change hysteresis for thermal parameters, predicted tempera-
ture fields that were in good agreement with the resulting
microstructures at the LAZ and experimental temperature mea-
surements. The model exhibited a high sensitivity to variations
in absorptivity, which is in agreement with the experiments and
requires careful calibration for any future work. Coupling effects
related to residual stresses developed in the austenite/marten-
site interface regions should be also considered in the design
of novel patterned mesostructured metal alloys.

� Heating rates as high as 25000 K/s were predicted close to the
laser spot, which in addition to observed austenitic microstruc-
ture at LAZ indicate that martensite to austenite transformation
occurs by a pseudo-displacive mechanism and that austenite is
then fully recrystallised if the recrystallisation temperature is
exceeded.
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