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A B S T R A C T   

Laser based heat treatments have multiple applications for local tuning of microstructures. They are particularly 
relevant in the context of laser-based additive manufacturing (LAM), in order to relieve residual stresses or 
introduce equiaxed structures through recrystallization. In 316L, high stored energy inherited from the high 
cooling rates of laser processing creates strong crystallographic textures and stable cellular walls, which chal-
lenges the possibility of inducing fast recrystallization. In a first step, we perform here a laser heat treatment on a 
highly deformed 316L steel, and show that in-situ X-ray Diffraction (XRD) is a viable tool for the monitoring of 
fast recrystallization. The evolution of Bragg peak width over time is connected to the evolution of dislocation 
density and grain size, thanks to Electron Back-Scattered Diffraction (EBSD) and Transmission Electron Micro-
scopy (TEM) characterization. X-ray signals are shown to reveal different stages of recrystallization, in particular 
the development of dislocation cells and the onset of nucleation. This study also demonstrates how local heat 
sources such as lasers may help designing composite-like materials for grain size, texture and hardness 
optimization.   

1. Introduction 

Grain refinement of metal structures is an extensively used method 
for improving mechanical properties of multiple alloys (and steels in 
particular), since most of the parts generated from casting or laser-based 
additive manufacturing (LAM) result in coarse grain structures or highly 
textured columnar grains, respectively [1–4]. Different strategies can 
provide more random textures with lower defect content and finer, more 
homogenous grain size distribution. For instance, annealing will trigger 
the rearrangement of dislocations in a deformed material, and may 
promote nucleation of recrystallization [5]. At high-angle grain 
boundaries, dislocation-free crystallites will form and grow to replace 
the initial microstructure. In this regard, a precise microstructural 
control becomes essential for ensuring good quality of a metallic part. 
Yet, the capacity to successfully refine the microstructure is highly 
dependent on the specimen’s initial state. For example, LAM 316L 
samples exhibit slower kinetics and a higher recrystallization 

temperature than conventionally produced 316L [6]. While Huang et al. 
[7] relates these kinetics to low strain, Pinto et al. [6] and Sonis et al. [8] 
attribute them to the Low Angle Boundary (LAB) density, which suggests 
that the phenomenon is not yet fully understood. 

Most reported investigations on the kinetics of recrystallization in 
conventionally manufactured steels relate to the discrete measurements 
of recrystallization fraction over time, based on successive EBSD maps, 
conventional XRD analysis [9–11], hardness or yield stress measure-
ments [12–14]. The lowest reported time steps in such experiments vary 
between 1 s and 4 s [14]. Identifying the time scales of nucleation and 
growth steps in recrystallization is crucial since these processes define 
the microstructure and texture of the heat-treated material [15]. Even if 
EBSD maps provide answers to a number of questions, the formation of 
nuclei in the deformed microstructure at very fine scale remains difficult 
to detect. Fast Differential Scanning Calorimetry (FDSC) can nowadays 
be used to mimic very fast heating and cooling rates, but the tempera-
tures remain limited to 1000 ◦C (at most), and the technique can only be 
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applied to very small samples (approx. size of 50 µm) [16]. In a recent 
study done at the European Synchrotron Radiation Facility (ESRF) by 
Yildirim et al. on a Fe-Si-Sn steel [17], the combination of Dark-field X- 
ray Microscopy (DFXM), EBSD measurements, and synchrotron XRD, 
allowed the authors to track a grain from the highly deformed state 
through consecutive annealing steps, during which they could observe 
the formation of new nuclei and disoriented cells. Although this study 
successfully shows 3D heterogeneous texture variations in ultra-fine 
grains, the discrete measurements in time limit the information on the 
precise start of the phenomena. As an alternative, in-situ annealing 
treatments under a Scanning Electron Microscope (SEM) were proposed 
[18] in order to directly monitor the thermally activated mechanisms 
taking place at the surface of the sample. However, surface effects may 
affect the observed behavior, e.g. due to grain boundary grooving. In 
both above examples, a statistical view on the annealing behaviour is 
not available. 

In this study, we propose to work at an intermediate scale, applying a 
laser scan on a highly deformed 316L steel, inducing recrystallization 
over a prescribed area, and over a certain depth below the surface. The 
nature of the heat source leads to very high heating and cooling rates, 
giving access to fast microstructure evolution kinetics, and over a vol-
ume encompassing a statistically significant number of grains. Laser 
surface engineering (LSE) [19–21] approaches are often classified into 
different categories depending on the laser-material interaction. These 
techniques were studied for different applications such as laser cladding 
[22,23], glazing [24], alloying [25,26], and texturing [27]. Those 
operating in the solid state (without melting) are typically used for 
modification of residual thermal stresses through laser annealing [28] or 
laser shock peening [29], and modification of the near-surface strength 
by martensite formation [30,31]. Although the latter methods may be 
referred to as microstructural modification, to the authors knowledge, 
the current literature does not report the application of non-melting LSE 
for the sole purpose of recrystallization / grain refinement. 

As the complex laser-metal processes leading to microstructural 
changes seek for alternatives to the trial-and-error optimization [32], in- 
situ and operando synchrotron experiments are attractive candidates for 
monitoring and characterization of fast recrystallization. A real-time 
measurement technique based on high energy X-rays has been devel-
oped with a resolution suitable to laser technologies, thanks to the ad-
vances in ultra-fast detectors and high flux of third generation 
synchrotron radiation sources [33]. In particular, fast XRD methods can 
provide information on the kinetics of rapid heating–cooling trans-
formations [34] or local temperature evolution during laser scanning 
[35]. With the idea of capturing the full laser-powder interaction and 
complex layer-by-layer deposition process, Hocine et al. [33,35] 
designed and built a miniaturized Laser Powder Bed Fusion (LPBF) de-
vice, reproducing 3D parts in a fairly identical manner to a commercial 
LPBF system, which can be coupled with multiple beamlines at the Swiss 
Light Source. Phase transformations, lattice strain evolutions, cracking, 
porosity formation, temperature fluctuations and cooling rate variations 
have been the subject of numerous in-situ XRD experiments for a range 
of different alloys [36–43]. 

This paper focuses on the monitoring and characterization of fast 
recrystallization in cold rolled 316L steel subjected to laser heat treat-
ment. For a precise control of local temperatures without melting the 
material, the laser is defocused such as to increase the effective spot size, 
and laser scanning is repeated multiple times to establish a quasi-steady 
state in the induced temperature field. The latter is numerically simu-
lated using finite element modelling. The progress of recrystallization is 
tracked using high- frequency acquisition of synchrotron XRD patterns, 
and different steps of microstructure changes are identified thanks to 
EBSD and TEM characterization. It is demonstrated that local laser 
annealing is an effective tool for in-situ monitoring and tailoring of 
recrystallization and grain structure in a highly deformed 316L steel. 

The accurate local control of recrystallization through laser treat-
ment represents an important step for its application to metal additive 

manufacturing. It can then indeed replace the usual post-process heat 
treatments, and do it either uniformly or heterogeneously. In the latter 
case, it enables the creation of composite-like microstructures, similarly 
to those obtained by Gao et al.’s work [43], but using a different 
approach. 

2. Materials and methods 

2.1. Manufacturing process and experimental set-up 

2.1.1. Manufacturing process 
A 15 mmm-thick 316L stainless steel flat bar was successively 

annealed (A) and cold rolled (CR) twice to induce strain-hardening of 
the alloy, and reduce the thickness to 1 mm. The thermomechanical 
treatment is detailed in Fig. 1. Annealing operations were performed in a 
furnace at 1100 ◦C under air, during 10 min. The two cold rolling op-
erations lead to 60 and 80 % thickness reductions, respectively. 

2.1.2. Operando synchrotron X-ray diffraction 
The operando X-ray Diffraction experiments were carried out at the 

Material Science (MS) - Powder beamline at the Swiss Light Source 
(SLS). The laser-based experiments used a mini-LPBF device designed 
and built at the Paul Scherrer Institute (PSI) [33,35]. The device was 
mounted on a dedicated stage and tilted by 15 degrees relative to the 
direction of the incoming X-ray beam. The surface of the sample was 
illuminated by a parallel 18 keV-energy X-ray beam passing through a 
carbon glassy window, then reflected back to the detector oriented at 
49.5 degrees. The X-ray beam was focused to a projected spot size of 300 
x 280 μm2 (FWHM). A diagram of the set-up is shown in Fig. 2. The 
depth to which X-rays penetrate steel is an important consideration in 
the rest of this work for interpreting the results. It is calculated based on 
the length after which the X-ray beam has reduced in intensity by 1/e 
through steel (70 μm [44]). Considering the tilt angle of the machine and 
the in-and-out path of X-rays into the material before reaching the de-
tector, the penetration depth is approximately 12 µm. The path of the X- 
ray beam in the sample is shown in Fig. 2d. 

2.1.3. Laser heat treatments 
The laser-induced heat-treatments (LHT) were performed in the 

mini-LPBF machine equipped with a 500 W redPOWER® continuous 
wave (CW) Fiber Laser operating at a wavelength of 1070 ± 10 nm and 
collimated into a 2-axis deflection scanning unit (SuperScan III, Raylase 
GmbH, Germany), with a beam quality factor of M2 < 1.1 and in-focus 
spot radius of 13.8 μm. The focussing is performed through an FTheta 
lens (Sill Optics, Germany). For practical reasons, the experiments were 
conducted under air. The definition of adequate LHT parameters was 
based on the concept of normalized enthalpy ΔH (Eq. (1)), well suited to 
predict the melting threshold, since it represents the ratio between the 

Fig. 1. Thermomechanical rolling treatments of the 316L sample.  
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energy ΔH absorbed by the material, and the melting energy Δh [45]. It 
is expressed as: 

ΔH =
ΔH
Δh

=
αP

ρ(CΔT + Lm)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
πω3VD

√ (1)  

where α is the absorptivity of the incident bulk material, P is the laser 
power (W), ρ the density (kg/m3), C the specific heat (J/kg K), ΔT the 
difference between the melting temperature and initial temperature (K), 
Lm the latent heat of melting (kJ/kg), ω the laser spot radius (m), V the 
laser speed (m/s), and D the thermal diffusivity (m2/s). The absorptivity 
of a polished bulk 316L surface at room temperature αRT was measured 
with a Perkin Elmer UV/NIS/NIR Spectrometer Lambda 950. Since the 
absorptivity of the sample is modified upon surface oxidation during 
LHT, the same polished bulk 316L sample was heat treated in the 
furnace for 1 min at 1100 ◦C and the absorptivity after oxidation αO was 
measured. While surface oxidation kinetics in stainless steel tends to 
evolve linearly with time for short exposures at high temperature 
[46–49], the absorptivity varies non-linearly with the oxide layer 
thickness. It tends to oscillate until 60 % of the relative oxide layer 
thickness (normalized by the laser wavelength), and then remains con-
stant [50–52]. To simplify the analysis and in absence of measured 
oxidation kinetics, a linear increase in absorptivity was assumed, as a 
function of time. The values of all material parameters were extracted 
from literature [45] and are reported in Table 1. Absorptivity values are 
taken at the laser wavelength of 1070 nm. 

The LHTs were performed at normalized enthalpy values below 1 as 
reported in Table 2, in order to avoid melting. A margin was taken due to 
the increase of absorptivity related to oxidation, but the margin was not 
too large such as to transfer enough heat to induce significant change in 
the microstructure. The laser beam was negatively defocused (focal 
point below the sample surface) up to a spot radius ω = 182 μm by 

moving the FTheta lens at a focal length of 218 mm, enabling to keep a 
non-negligible laser power without melting [53]. In addition, multiple 
passes of the laser on the same area were performed to increase the 
duration of the heat treatment. The time between each laser pass is 
considered as negligible due to the high laser jump speed of 5000 mm/s. 
A measurement of the spatial distribution of the laser beam intensity at 
different defocusing values, using a Focus Beam Profiler FBP-1KF (Cin-
ogy technology, Germany), reveals a significant change after defocusing, 
with a type of Bessel shape instead of the initial Gaussian shape (Fig. 3). 
Laser power and scan velocity were adapted accordingly (see Table 2), 
as the laser spot size values ω are defined in Eq. (1) as those of an 
equivalent Gaussian beam profile, computed at 1/e2. 

2.2. Experimental design 

Two types of samples A and B (Fig. 4) were either initially completely 
recrystallized (furnace heat-treated at 1200 ◦C for 3 h), or strain- 
hardened with the thermomechanical treatment described in Fig. 1, 
respectively. Fast X-ray acquisition was performed at 1 kHz in reflection 
mode, concurrently to laser scanning on the samples. The large spot size 
was designed to maximize the heat input and its distribution, with a 
negative defocus for better stability of the process. The hatch distance 
was selected to achieve approximately 30 % overlap of the inner laser 
profile. Scanning speed and number of scans were adapted to the 
maximum number of frames that could be acquired by XRD (36000), 
while the area dimensions were chosen to entirely contain the X-ray 
beam while at the same time injecting enough heat during the limited 
time of experiment. Different experiments were conducted with varying 
power, keeping the constraint of a solid-state heat treatment (without 
melting). The optimal laser parameters of the scanned area are listed in 
Table 2. Scans were repeated 125 times on the rectangular zone, 
resulting in 31.2 s of heat treatment. As the 300 µm × 280 µm (2a × 2b) 
X-Ray beam was positioned within the LHT area (Fig. 4), where the aim 
was to measure the evolution of peak width as a function of time in 
samples B. This could be compared to samples A in which no significant 
evolution was expected since the samples were already recrystallized. 

Fig. 2. Diagram of the in-situ XRD set-up (modified from [33,35]). (a) Mini-LPBF machine. 1: laser scan head, 2: chamber, 3: carbon-glass window, 4: connectors for 
argon and cooling system, 5: vertical stage to change focal length. (b) The X-ray beam (in yellow) passes through the carbon glassy windows of the machine (c) The X- 
ray beam is reflected from the powder bed to the detector, and the laser (in red) scans the corresponding surface. (d) Path of the X-ray beam in the sample. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Absorptivity values (at room temperature RT and after oxidation O) and material 
properties.  

αRT αO ρ(kg/ m3) C(J/kg K) ΔT(K) Lm(kJ/kg) D(mm2/s)  

0.36  0.81 7900 490 1342 260  3.5  
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2.3. Samples characterization 

Some of the laser heat treatments were interrupted before reaching 
the total annealing time, in order to follow the microstructure evolutions 
by Electron Back Scattered Diffraction (EBSD) and Transmission Elec-
tron Microscopy (TEM) characterization performed ex-situ. 

EBSD was conducted at 25 kV using a ZEISS GeminiSEM II micro-
scope equipped with the Symmetry camera and Aztec acquisition soft-
ware (Oxford instruments Nanoanalysis). The maps were acquired with 
a step size of 95 nm. The samples were observed in cross-section by 
cutting them perpendicular to the laser scanning direction. The cross- 
sections were mechanically ground using SiC paper up to 2500 grint 
size and polished with an alumina particle suspension up to 0.25 μm. 

Transmission electron microscopy (TEM) imaging was performed 
with a FEI Tecnai Osiris operating at 200 kV. A Zeiss NVision 40 dual- 
beam SEM/FIB was used to produce lamellas from specimen cross- 
sections thinned down to ~100 nm. The top surface was coated with a 
1.5 μm-thick protective carbon layer. The TEM lamellas were also 
mapped using Transmission Kikuchi Diffraction (TKD) in the Gem-
iniSEM II microscope, to provide a larger view of the microstructure, 
using an electron beam of 30 kV, 10nA and step size of 10 nm. 

2.4. XRD data analysis 

Microstructure evolution was followed in-situ through the narrowing 
or broadening of X-ray diffraction peaks. The intrinsic change in peak 
width of a 2θ diffraction peak is due to the evolution of internal strain 
and average size of coherent scattering regions (crystallites) [54]. Three 
contributions to X-ray peak profiles can be considered: (1) strain- 

induced broadening from dislocations and stacking faults, (2) size- 
induced broadening when crystallites become smaller than 1 μm (for 
synchrotron high resolution measurements [55]), and (3) instrumental 
broadening [56]. In this work, a quantitative extraction of the strain and 
size contributions was performed using the Williamson-Hall model 
(Supplementary S1). To conduct a rigorous quantitative analysis, it is 
crucial to consider the influence of the resolution function, especially 
towards the completion of the recrystallization process when the effects 
of size and strain broadening diminish significantly. The instrumental 
broadening due to the resolution function was determined by employing 
a 200 μm-thick lanthanide hexaboride (LaB6) standard as a reference for 
pristine crystalline properties under equivalent X-ray diffraction (XRD) 
conditions. The diffraction peaks were then fitted using an asymmetric 
Pearson VII function convolved with a Gaussian function, which accu-
rately characterizes the resolution function [57–59]. 

3. Results and discussion 

3.1. Ex-situ XRD and EBSD analysis after fast laser heat treatment 

The final state of recrystallization obtained by LHT was character-
ized ex-situ, with single acquisitions of XRD patterns at 10 s of exposure 
time. These were compared with those of a furnace treated (FHT) sample 
at 1200 ◦C during 3 h and a strain hardened (SH) sample. The diffraction 
patterns are shown in Fig. 5. Both heat-treated samples revealed reduced 
peak widths compared to the strain-hardened sample, which is expected 
if recrystallization phenomena have been active [5]. When moving from 
one sample to the other, the crystallographic texture changes and the 
relative intensities of different peaks vary. Moreover, there is a 

Table 2 
Optimal laser heat treatment process parameters. Two values of normalized enthalpy are reported, based on the different values of absorptivity from Table 1: at room 
temperature RT and after oxidation O.  

Spot size radius 
(µm) 

Power 
(W) 

Scanning speed 
(mm/s) 

Normalized enthalpy 
ΔHRT − ΔHO 

Hatch distance 
(µm) 

Number of 
scans 

Area dimensions 
(mm) 

Scanning strategy  

181.5  32.5 440 0.30–0.68 33 125 1.1 × 2.915 Unidirectional parallel 
lines  

Fig. 3. Laser beam profile (a) at the focal point (b) positively defocused.  

Fig. 4. Two types of sample for in-situ X-ray acquisition, (a) furnace recrystallized (Sample A), and (b) strain-hardened (Sample B).  
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systematic shift in peak positions between LHT and FHT samples, indi-
cating the presence of a different stress state. For instance, the difference 
in stress before and after the heat treatment can be calculated by 
considering the different positions of the (311) diffraction peak, which 
is most suited for determining macroscopic residual stresses for face- 
centered cubic Fe-based alloys [60]. 

The LHT sample was also characterized by EBSD. The inverse pole 
figure IPFy in Fig. 6 shows the grain orientations, where X is the rolling 
direction, Y the normal direction (depth), and Z the laser scanning 

direction. This figure shows that the local laser heat treatment results in 
significant recrystallization after only 31.2 s. Nucleation of new grains is 
apparent over a certain depth below the surface. The growth of the 
nuclei was restricted below the dotted white line, but became more 
significant when approaching the surface, corresponding to the highest 
temperatures during the laser treatment. Multiple annealing twins can 
be identified in Fig. 6c (twin boundaries are shown in red), which is 
another confirmation that recrystallization occurred. The geometrically 
necessary dislocation (GND) density is calculated from the Kernel 
average misorientation (KAM) map, by setting the burgers vector at b =
2.5 Å. Very low internal crystallographic misorientations appear in blue, 
showing again that the equiaxed grains are recrystallized. The change in 
texture observed in Fig. 7 before and after LHT confirms the occurrence 
of recrystallization. 

3.2. Identifying the different stages of recrystallization 

3.2.1. Evolution of the microstructure at different steps of the heat 
treatment 

EBSD measurements (Fig. 8) on the X-Y cross sections (similar to that 
in Fig. 6) were performed on a sequence of samples with increasing time 
of LHT, to reveal the different stages of recrystallization. The low 
indexing of the microstructure observed in Fig. 8a-f is due to the highly 
deformed state of the cold rolled 316L steel. It suggests that the LHT had 
very limited effects on the microstructure or on the indexing quality up 
to 12.5 s. Therefore, these microstructures were further analyzed by 
TEM (Section 3.2.5). The initial average grain size was measured as 65 
nm. At 18.7 s, small equiaxed recrystallized grains with an average size 
around 0.6 µm are emerging (highlighted in white). They appear in blue 

Fig. 5. Static Bragg diffraction patterns of a Strain-Hardened (SH) sample (in 
blue), a Laser Heat Treated (LHT) sample (in orange), and a Furnace Heat 
Treated (FHT) sample (in yellow). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. EBSD map in IPFy colors of (a) a strain hardened specimen and (b) the same specimen at higher magnification. EBSD map of an LHT sample after 31.2 s heat 
treatment, showing (c) IPFy and (d) GND density coloring. The white dashed line represents the maximum X-ray penetration depth (Section 2.1.2). (e) A higher 
magnification of the IPFy shows the twin boundaries in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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regions of low GND density in Fig. 8h. These equiaxed grains then 
experience significant growth up to an average size of 1.6 µm (Fig. 8i-j). 
The area-weighted size distribution is given in Fig. 9, selecting the grains 
in the volume that was probed by the X-rays, i.e. up to a depth of 
approximately 12 μm. These distributions describe the evolution of the 
heterogeneous microstructure over time. 

3.2.2. XRD peak width evolution over time 
In-situ XRD with a synchrotron source allows the observation of the 

continuous evolution of recrystallization over time by collecting the 
diffraction patterns at a high frequency (here 1 kHz). The full peak width 
at half maximum (FWHM) as a function of time is monitored during the 

laser-treatment, on samples A and B defined in Fig. 4: samples A are 
initially furnace-recrystallized, while samples B are strain-hardened. 
The analysis of Fig. 10 and Fig. 11 reveals that peak narrowing is 
observed during the heat treatment only in samples B, confirming that 
they are the only ones undergoing recrystallization. 

While Fig. 10a indicates the absence of peak narrowing in samples A, 
Fig. 10b shows a slow time evolution of peak width, which can be linked 
to the progressive increase in local temperature due to the repeated laser 
scans. Fig. 11a compares the diffraction patterns before and after the 
heat treatment of sample B, evidencing a clear peak narrowing. Fig. 11b 
displays the diffraction intensity of the (200) peak as a function of time 
for a sample B showing that no melting is taking place. The evolution of 

Fig. 7. Inverse pole figures (a) before and (b) after LHT.  

Fig. 8. EBSD maps of LHT sample after different times of heat treatment, showing IPFy (a-c-e-g-i) and GND density (b-d-f-h-j) coloring. The white dotted line in-
dicates the X-ray beam penetration depth. 

Fig. 9. Area weighted grain size distribution for the microstructures shown in Fig. 8e-j at different times of laser heat treatment.  
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full-width at half maximum shown in Fig. 11c indicates that the peak 
width narrows from the very beginning of the heat treatment. The large 
fluctuations of FWHM that are observed in Fig. 10b and Fig. 11c 
correspond to the local temperature changes in the zone probed by the 
X-ray beam when the laser moves, as detailed in Section 3.2.3. 

3.2.3. Local changes in temperature: Numerical simulations 
In order to better explore the temperature evolution during the LHT, 

a Finite Element Method (FEM) simulation was carried out using the 
Abaqus plug-in AM modeler, where the general heat equation is solved 
implicitly for each time increment. All the equations as well as mesh 
sizes and temperature maps are reported in the Supplementary material 
S2, and Supplementary Fig. S2. In addition, the absorptivity was 

Fig. 10. (a) Diffraction pattern before and after 31.2 s LHT on sample A (furnace heat treated) (b) FWHM as a function of time for different Bragg peaks (c) EBSD map 
of sample A microstructure with IPFy coloring. 

Fig. 11. (a) Diffraction pattern before and after 31.2 s LHT on sample B (strain-hardened) (b) Evolution of diffraction angle as a function of intensity and time for 
(200) peak (c) FWHM as a function of time for different Bragg peaks. 

Fig. 12. (a) FEM simulation of the temperature evolution during the laser heat treatment (b) Magnified view of peaks simulated with high (yellow) and low (green) 
temporal resolution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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assumed to vary linearly in time, as explained in Section 2.1.3. Fig. 12a 
shows the temperature evolution over time calculated at the center point 
of the heat treated zone. Every 2 s, a full layer is simulated with a high 
temporal resolution, in order to have an accurate estimate of the local 
temperature field. Moreover, these layers are then utilized to interpolate 
for the layers which have been run with a coarse resolution. This 
approach results in a great compromise between total simulation time 
and predictability of the model. A magnified view of two high-resolution 
peaks and two low-resolution peaks is shown in Fig. 12b, where each 
peak relates to a specific laser pass (i.e. a full laser scan of the heat- 
treated area). Each spike inside a high-resolution peak is linked to one 
laser-track of the pass, and the highest spike corresponds to the moment 
when the laser crosses the center point. The average temperature is 
increasing over time, and the final peak value is 1181 ◦C. As expected, 
this temperature lies within the recrystallization temperature range of 
316L stainless steel [61,62]. 

The time spent by the center point within a specific temperature 
interval during the heat treatment is defined as the residency time. 
Residency times for different temperature intervals are plotted in 
Fig. 13. For the first 5 s of heat treatment, the temperature is below 
600 ◦C. It takes 15 s for the center of the heat treated zone to reach 
850 ◦C, and finally it spends only 25 ms above 1100 ◦C. 

The temperature evolution can be used to explain the fluctuations in 
FWHM that were observed earlier (Fig. 10b and Fig. 11c). While an 
increase in temperature shifts the peak position due to residual stress 
relaxation and lattice thermal expansion, the evolution of FWHM relates 
to both the temperature gradient within the X-ray probed volume, and 
the dislocation density/crystallite size effects. Temperature gradients 
increase when the laser is close to the area illuminated by the X-ray 
beam. Temperature and peak position phkl = 2θ relate to each other 
through three definitions of the lattice strain [63–65]:  

(1) Based on the lattice spacing d, ε = Δd
dhkl

= dhkl − d0
dhkl  

(2) Based on the thermal expansion coefficient α, Δd
dhkl

= αΔT  
(3) Based on the differentiation of Bragg’s law, Δd

dhkl
= − Δθcotθ =

−
(
cot phkl

2
) phkl − p0

2 

The experimental FWHM may find an equivalent in numerical sim-
ulations by defining a diffraction peak for each node on the top surface 
of the simulation domain. The baseline was fitted with a Gaussian 
function, and the temporal interpolation of FWHM(t) for which the 
smallest thermal gradient is observed, was used as FHWM0(t). All 
Gaussian functions are Gaussian-weighted based on the intensity profile 
of the X-Ray beam and summed up, to finally end up with one single 
XRD peak from which the final FWHM is calculated. The higher the 

thermal gradient, the larger spread of individual peak positions, and the 
larger the final FWHM, as illustrated in Supplementary Fig. S3. Fig. 14 
shows the temperature field at the surface of the LHT zone at 8 different 
times of the heat treatment (the early stages from 1 to 4, the late stages 
from 5 to 8), and the relative position of the X-ray beam. The highest 
temperature corresponds to the position of the laser beam. Temperature 
gradients inside the probed area vary as a function of time. 

The figures presented in Fig. 15a.i-iii and Fig. 15b.i-iii illustrate the 
changes in average temperature, (200) peak position, and (200) peak 
width within the probed area during the early and late stages of the laser 
heat treatment, as determined by the simulation. A comparison to the 
experimental FWHM is given in Fig. 15a.iv and Fig. 15b.iv. It is evident 
that the fluctuations in width are mostly attributed to the thermal 
gradient in the probed region, which is connected to the movement of 
the laser, while also being influenced to a lesser extent by temperature 
oscillations. The simulation data reveals that the locations labelled as 3 
and 7 exhibit the highest temperature. This can be attributed to the laser 
beam significant intersection with the X-ray probed region. Conversely, 
points 2 and 6, which experience the greatest thermal gradient ac-
cording to Fig. 14, exhibit the broadest width according to Fig. 15. It is 
important to note that the analysis only considered the two-dimensional 
thermal gradient in the X-Y plane, and not the thermal gradient along 
the Z-axis. This can be attributed to two factors: first, the 20-μm mesh 
size is too coarse given an X-ray penetration depth of 12 μm. Moreover, 
the exponential decline in X-ray intensity down the Z-axis adds 
complexity to the computation of the signal weight as a Z-dependent 
function. During the advanced phase of heat treatment, the X-Y gradient 
exhibits a significant increase as a result of increased absorption (due to 
oxidation), whereas the Z-gradient may be disregarded. During the 
initial phase, the significance of the Z-gradient surpasses that of the X-Y 
gradient, elucidating the pronounced oscillations observed in Fig. 15a.iv 
compared to the simulation data. It should be noted that the number of 
high intensity peaks observed in the experimental data is lower due to 
limited sampling rate (1 kHz) compared to the simulation data (5 kHz). 
Furthermore, it can be observed that the predicted amplitude of oscil-
lations during the initial phases of heat treatment (as depicted in 
Fig. 15a) is significantly lower compared to the predicted amplitude 
during the later stages (as illustrated in Fig. 15b), specifically when 
focusing solely on the X-Y gradient. Mathematically speaking, the phe-
nomenon can be described as the accumulation of narrow peaks 
(reduced dislocation content) during the later stage, which leads to more 
pronounced fluctuations of the resulting width, compared to the early 
stages, in which the total width results from accumulation of broader 
(higher dislocation content) peaks. 

Fig. 13. Residency times of the center point (a) between 600 and 950 ◦C (b) above 950 ◦C.  
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3.2.4. The recrystallization fast kinetics 
While Fig. 11c demonstrates that the process of recrystallization 

takes place at very fast kinetics, different trends can be identified in the 
evolution of each diffraction peak, and interpreted in terms of disloca-
tions, stacking faults, twinning and internal stresses [66]. Initially, a 
sharp drop of FWHM exists for all peaks at the very beginning of the heat 
treatment, as seen in Fig. 16b. This corresponds to the stress released 

with the sudden increase in temperature when the laser is switched on. 
Then, different events can be identified. The most peculiar FWHM 
evolution is observed for the (200) peak displayed in Fig. 16a: it can be 
divided into 3 sections with 3 different slopes, corresponding to different 
stages of the microstructure transformation. 

In stage I, the negative slope observed from 0.2 s to 9.4 s suggests the 
occurrence of dislocation rearrangement and subsequent stress release. 

Fig. 14. Temperature fields derived from FEM simulation for 8 different instants of the laser heat treatment a) at early stages and b) at late stages.  

Fig. 15. Evolution of (i) average temperature in the X-ray probed area, (ii) (200) peak position and (iii) (200) peak width over the time of heat treatment at (a) early 
stage and (b) late stage, as calculated by the FEM simulation. Figures a.iv and b.iv display the experimental (200) FWHM as measured by XRD. 
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This observation is supported by a lack of grain structure change as 
depicted in Fig. 8a-f, also attributed to the estimated maximum tem-
perature of 700 ◦C obtained at the end of stage I, as reported in Fig. 13. 
In stage II, from 9.4 s to 23 s, the further decrease in slope would 
correspond to the nucleation and growth of new grains, in agreement 
with the EBSD maps in Fig. 8g-j. The decrease in FWHM can be related to 
a decrease in dislocation density as well as to an increase in crystallite 
size. However, the low EBSD indexing of the microstructure at 12.5 s 
(Fig. 8e-f) does not allow evidencing the start of nucleation. Further-
more, there is a concomitant increase in temperature from 750 ◦C to 
1000 ◦C. Finally, stage III happens from 24 s until the end of the heat 
treatment at 31.2 s, when most strain hardening near the surface have 
disappeared, with estimated temperatures ranging from 1000 ◦C to 
1200 ◦C. Here, the slope remains negative, but increases compared to 
stage II due to the formation of annealing twins, and the slow progress of 
recrystallization, only happening well below the surface (but still within 
the probed X-ray volume), as shown in Fig. 8i-j, where isolated strain 
hardened grains are still present (the white dotted line indicates the X- 
ray beam penetration depth). 

At any time, the measurements remain statistically representative, 
covering millions of grains at the beginning of the LHT, and ending with 
still 15 thousand grains. 2D diffraction patterns are displayed in Sup-
plementary S3 to evaluate the representativeness of the probed volume 
elements. 

Another interesting result emerges when looking at all (hkl) peaks. 
Fig. 16b plots the decrease in FWHM compared to the initial value 
FWHM0, expressed in terms of scattering vector Δs

( 1
nm
)
=

FWHM(
◦
)×cos(θ)

λ( 1
nm)

, 

where λ is the X-Ray wavelength and θ is the peak position. It empha-
sizes the strong narrowing in the (200) reflection, similar to (311) and 
(420), and the comparatively lower narrowing of reflections (111)- 
(222), (220) and (331). This tendency can be explained in part by 
variations in contrast factors among the different grain families, which 
strongly relate to the activated slip system [67]. It can also be a conse-
quence of the larger elastic compliance in the 〈200〉 direction compared 
to other directions, as observed in the stress–strain curves presented by 
A.N. Ezeilo et al. [68]. This implies that a non-negligible source of 
broadening is the heterogeneity of stresses in the diffracting volume. 

In addition to the magnitude of narrowing, one can also distinguish 
the FWHM time evolutions based on their slope: (i) quasi-constant 

(Fig. 16c), and (ii) with a change between 9 and 12 s (Fig. 16d). This 
arises from a difference in sensitivity to recrystallization, due to different 
responses to defects content and their time evolution, and from the 
texture changes previously observed in Fig. 7. 

Category (i) contains the Bragg reflections (111, 222, 220), which 
correspond to the slip planes of dislocations in FCC structures. Category 
(ii) includes the Bragg reflections (200, 311, 420), for which the first 
change in slope, common to all peaks, corresponds to the stage II of 
microstructure transformation previously discussed, i.e. the assumed 
start of recrystallization nucleation. The sharper change in slope could 
be linked to more active nucleation taking place in some texture com-
ponents, and to different contrast factors. 

3.2.5. Unveiling non-indexed zones: the onset of nucleation 
TEM and TKD orientation maps analysis were carried out for inves-

tigating the non-indexed zones in EBSD maps (Fig. 8) of stages I and II. 
Fig. 17a displays the TEM images of the untreated strain-hardened 
sample, revealing a very fine initial microstructure with highly dis-
torted grains with sizes between 30 and 80 nm (Fig. 17a(i)), and as small 
as 20 nm thick deformation twins (Fig. 17a(ii)). After 4.9 s of heat 
treatment, dislocation networks can be observed in Fig. 17b(i) (red dash 
line boxes), suggesting the start of recovery, while keeping the grain 
sizes and shapes unchanged (Fig. 17b(ii)). 

As expected from the XRD data, the TEM images taken after 12.5 s 
(Fig. 18), corresponding to the beginning of stage II in Fig. 16a, show 
that nucleation has begun. A thin line of equiaxed grains extends over 
the entire length of the sample (indicated by dotted red lines at the top of 
Fig. 18a), and others are identified 1.5 μm (Fig. 18a) and 3 μm (Fig. 18b) 
below the surface. These observations confirm nucleation events of 
newly formed grains, in the size range from 100 to 300 nm, equiaxed 
and larger than the width of the initial elongated cold rolled grains. 

The comparison of the TKD orientation maps in the initial SH state 
(Fig. 19a) and after (Fig. 19b) 12.5 s of LHT, performed on the two same 
TEM lamellas, provides a larger view of the microstructure changes 
caused by the LHT, from IPFx (x = rolling direction). Fig. 19b – showing 
the same zone analysed in Fig. 18 – reveals the presence of annealing 
twins (highlighted in white) in the newly formed dislocation-free grains. 
Additionally, it demonstrates that a non-negligible number of nuclei are 
generated unevenly throughout the sample’s depth, most likely as a 
result of the non-uniform distribution of dislocation structures. 

Fig. 16. (a) Evolution of FWHM over time for the (200) peak, where the second derivative is plotted in orange. The 4 events are emphasized with black lines 
corresponding to the tangent of the curve. (b) Decrease in FWHM over time compared to the initial value FWHM0. Evolution of FWHM over time of peaks with (c) 
quasi-constant slope (category i) (d) changing slope (category ii). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 20a shows a comparison between the volume-weighted coherent 
scattering region size D extracted from the Williamson-Hall analysis of 
the X-ray data and the area-weighted average grain size data G from the 
SEM-EBSD (with a critical misorientation angle of 5◦) and TEM (G is the 
smallest feature delimited by subgrain boundaries) measurements. D 
appears lower than G due to annealing twins and volume averaging, but 
the time evolution looks similar. At first, D is around 55 nm, which is 
closely aligned to the 65 nm recorded in TEM. With the onset of 

nucleation around 9 s, D expands to a size of 100 nm, whereas G reaches 
200 nm. Then, the initiation of grain growth at approximately 22 s aligns 
with the peak value of D at 216 nm, but the average grain size deter-
mined by SEM then amounts to 630 nm. Subsequently, D oscillates 
around a constant value until the end of the heat treatment while G 
reaches 1.6 µm. In Fig. 20b, the root-mean-square (RMS) strain extracted 
from the Williamson Hall analysis is compared to the geometrically 
necessary dislocation (GND) density. A monotonous decrease is 

Fig. 17. TEM images of (a) the reference Strain-Hardened (SH) state and (b) after 4.9 s of Laser Heat Treatment (LHT) on the SH sample, where dislocation networks 
are highlighted with red dash boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 18. TEM images of the Strain-Hardened (SH) sample after 12.5 s of Laser Heat Treatment (LHT). Equiaxed grains are observed (a) at the surface and 1.5 μm 
below the surface (dotted rectangles), as well as (b) 3 μm below the surface. The carbon layer contoured in yellow in (a) indicates the top surface of the sample. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 19. TKD IPF maps of the SH sample (a) in its reference initial state (b) after 12.5 s of LHT. Twinned grains are highlighted in white. The reference direction is the 
rolling direction. 
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observed for both quantities, which confirms that the measured FWHM 
narrowing is indeed linked to the annihilation of dislocations. Defini-
tions of D and RMS strain are available in Supplementary S1. 

4. Conclusion 

This work proposes a new way of inducing local recrystallization, 
using a laser-based heat treatment (LHT) technique. The strategy is 
illustrated with a cold-rolled 316L steel. The method involves repeated 
laser scans over a given area, for a short amount of time. In-situ Syn-
chrotron XRD analysis, complemented by post mortem EBSD and TEM 
characterization, allowed investigating the fast kinetics of recrystalli-
zation, and identifying 3 stages of microstructure changes. The 
following conclusions can be drawn:  

1. The energy delivered by the LHT technique is sufficient to create a 
homogeneously recrystallized microstructure up to 30 μm below the 
surface, after only 30 s of laser scan.  

2. Microstructure changes and recrystallization phenomena can be 
followed in real time through X-ray Diffraction (XRD) peak analysis. 
The high time resolution of the XRD acquisition enables to pinpoint 
the precise timing at which critical events take place, in particular 
the nucleation and growth of new grains.  

3. The nucleation of recrystallized equiaxed grains was evidenced by 
TEM analysis after 12 s of heat treatment. TKD measurements 
revealed that these grains are distributed along the full length of the 
sample at the very top surface, and randomly dispersed in the near 
surface region. 

This study also paves the way for local tailoring of microstructures 
using laser treatments. One important application relates to the field of 
additive manufacturing of metals and alloys, in which, most of the time, 
post heat treatments are needed for reaching the desired properties. The 
proposed laser treatments would not only reduce the need of such post 
treatments; their selectivity would also provide the ground for fabri-
cating composite-like or architected microstructures. 
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