Surface & Coatings Technology 531 (2026) 133539

=
SURFACE &
COATINGS
TECHNOLOGY

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

ELSEVIER

Check for

Process parameter influences on 17-4PH martensitic stainless-steel coatings |
produced by extreme high-speed laser cladding (EHLA)

a,*

Bohang Gao ™ , Stefanie Linnenbrink > Norbert Pirch ", Ulrich Krupp*

@ [EHK Steel Institute, RWTH Aachen University, Intzestrae 1, 52072, Aachen, Germany
b Fraunhofer Institute for Laser Technology, Steinbachstrae 15, Aachen, 52074, Germany

ARTICLE INFO ABSTRACT

Keywords:

Extreme high-speed laser cladding (EHLA)
17-4 PH stainless-steel

Dilution behavior

Processing and thermodynamical modelling

Extreme high-speed laser cladding (EHLA) is a promising route for the efficient fabrication of high-performance
surface coatings owing to its low dilution and rapid solidification characteristics. Achieving a fully martensitic
microstructure in the as-built state, however, remains challenging for 17-4PH stainless steel because of its high Cr
content and relatively low martensite-start (Ms) temperature which narrow the processing window. In this work,
17-4PH coatings were successfully fabricated by EHLA. By optimizing the laser processing parameters, fully
martensitic coatings were obtained in the as-built state, exhibiting a dense and defect-free microstructure and
sound metallurgical bonding to the substrate. Microstructural characterization revealed two distinct dilution
mechanisms, namely diffusion-controlled bonding at the coating-substrate interface and convection-induced Cr
dilution within the coating interior, with the latter playing a key role in the corrosion resistance of the coating. In
addition, phase transformation kinetics were analyzed using thermal histories derived from process simulations.
The results show that thermal cycles with peak temperatures within the austenite stability range critically govern
the final phase constitution. These findings provide new insights into EHLA processing of martensitic stainless

steel and demonstrate the feasibility of designing high-performance stainless-steel coatings.

1. Introduction

The application of protective coatings provide an effective barrier
between the substrate and its operating environment, which is crucial
for extending service life and ensuring reliable performance under
aggressive conditions [1]. Since its introduction in 2017, Extreme High-
Speed Laser Cladding (EHLA) [2] has emerged as an economically
attractive and technologically advanced solution to prevent premature
substrate degradation [3]. Distinguished by its strong metallurgical
bonding and exceptionally high deposition rates—typically reaching
50-500 m/min [2,4]—EHLA has enabled rapid progress in the devel-
opment of hard, wear-resistant coatings [5,6], corrosion-resistant sys-
tems [7,8], and hydrogen-embrittlement-mitigating surfaces [9], as well
as various other high-performance functional layers [10,11]. To unlock
the full potential of EHLA, coating materials must be judiciously selected
according to the targeted service environment, accompanied by a
rigorous optimization of processing parameters. Owing to their favor-
able cost-to-performance ratio, stainless-steels have become widely used
in surface protection applications [12,13]. Among them, 17-4PH
martensitic stainless-steel has attracted particular attention due to its
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superior strength and antibacterial characteristics, supporting critical
uses in aerospace, medical, and chemical sectors [13]. Furthermore, 17-
4PH has proven effective as an EHLA cladding material on both low-
alloy steels [14] and 304 stainless-steel substrates [15], demonstrating
its versatility for advanced surface engineering.

A considerable number of studies have focused on the microstruc-
tural features of as-built specimens [16], austenitizing and tempering
strategies together with correlations on mechanical performance
[11-14,17-22]. Additional efforts have examined Cu and NbC pre-
cipitations  associated nanoscale strengthening mechanisms
[12,13,18,19], as well as compositional modifications aimed at
enhancing phase stability and mechanical response [20-24]. Vunnam
etal. [21] demonstrated that minor variations in powder chemistry can
lead to markedly different phase constitutions in selective laser melting
(SLM). Murr et al. [23] and Moyle et al. [24] have also suggested that the
shielding gases (Ar vs. Nz2) used during the machining process have
direct effects on the as-printed state of 17-4PH. Overall, the diversity of
reported conclusions can be traced to two principal factors: (i) the direct
influence of alloy chemistry on the stability of equilibrium and meta-
stable phases, and (ii) the strong dependence of cumulative phase
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transformations on process-specific thermal histories, including cooling
rates and cyclic reheating. Another considerable body of research has
quantified dilution by analyzing melt-pool cross-sections and has
examined its relationship with laser processing parameters [25-28].
Studies in which the cladding material exhibits a melting point lower
than or comparable to that of the substrate have similarly reported
pronounced dilution effects [28,29]. The dilution ratio is predominantly
derived from melt-pool geometry, yet detailed chemical-composition
validation is largely absent. Li et al. [30,31] revealed the associated
gradients in mechanical performance by providing longitudinal hard-
ness. However, the quantitative influence of laser parameters and
powder focus distance (PFD) on dilution at the bonding region, as well as
dilution phenomena occurring within the coating itself, remains insuf-
ficiently understood.

As mentioned in the studies above, austenitization is necessary in
additively manufactured 17-4PH to obtain a fully martensitic micro-
structure as well as post aging for further enhancement of strength
[32,33]. As a result, the concept of directly optimizing the as-built
condition and employing it as the final product state has not yet
received comparable attention. Furthermore, in material combinations
involving two or more constituents, such as coating-substrate systems,
post heat treatment inevitably affects the mechanical properties of the
substrate [34]. These changes posing limitations for applications that
require the substrate to retain its original performance.

In this study, an almost fully martensitic as-built 17-4PH coating was
obtained by selecting appropriate processing parameters, exhibiting
well-bonded and defect-free produced by EHLA. The influence of laser
power and PFD on dilution behavior were systematically analyzed.
Furthermore, the phase-transformation mechanisms during process
were elucidated by combining process simulations with CALPHAD-
based kinetics calculations and comparing the results with experi-
mental observations.

2. Methods
2.1. Fabrication and material

A 4-axis lathe with integrated laser optics from Hornet (Hornet Laser
Cladding BV, The Netherland), was used as cladding machine (see Fig. 1
(a)). The maximum spindle speed is 775 rpm. The Hornet II operator
terminal was equipped with a Fanuc CNC control system. The work-
pieces were clamped in place using a three-jaw chuck mounted on the
tiltable spindle. The powder was transported to the processing site and
injected into the melt bath using an Oerlikon Metco Twin 150 powder
conveyor and the ILT Coax EHLA powder nozzle with coolers and three
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powder inlets (Fig. 1(b)). The geometry of the powder gas stream was
conical and arranged coaxially with the laser beam. Laser line OTZ-5
optics with a zoom function were used as the beam shaping optics.
The optics were connected to a laser line LDF 8000-40 diode laser via an
optical fiber. To investigate the optimal laser power, laser beam of 1.4
mm diameter with top hat intensity was employed.

The 17-4PH powder supplied by Oerlikon Corporation AG (OCAG,
Switzerland) and was fabricated with gas atomization in Argon atmo-
sphere, the respective chemical composition is shown in Table 1. Powder
size distributions with respect to amount and volume after sieving were
included in Fig. 2(a) and Fig. 2(b) together with accumulative distri-
bution, respectively. The particle size distribution measurements were
performed with Camsizer X2 (Retsch GmbH, Germany). The primary
diameter of the powder particles was concentrated between 20 and 60
pm. Round bars fabricated with low-alloy steel S355 J2 + M (compo-
sition in Table 1) with a diameter of 50 mm and a length of approx. 400
mm were used as substrates.

2.2. Processing parameter and sample geometry

Four laser power levels, 2500 W, 2750 W, 3000 W, and 3250 W, were
selected to fabricate the coatings in order to investigate the influence of
laser power on coating performance. This is to achieve adequate coating-
substrate bonding and minimize coating defects. In addition to laser
power, the powder focus distance (PFD) also influences the dilution
behavior at the coating—substrate interface. Therefore, characterization
of the powder gas stream is required to assess its effect on material
deposition and mixing. The characterization of the powder gas stream
was carried out in a plane-wise manner as shown in Fig. 3(a), using a
dedicated powder stream analysis system. During the measurements, the
powder stream was illuminated by a laser beam-oriented perpendicular
to the powder-gas flow direction, while the spacing between measure-
ment planes was reduced in the region of the powder focus. A coaxially
aligned high-speed camera operating at approximately 12,000 Hz
recorded roughly 10,000 images per plane, with an effective illumina-
tion thickness of approximately 0.2 mm.

Table 1
Chemical composition of 17-4PH-D powder and substrate S355 J2 + M in weight
percent (wt%).

Fe Cr Ni Cu Si Mn C Nb
17-4PH-D Bal. 17.0 4.5 4.0 1.0 0.6 0.07 0.3
S355J2 + M Bal. 0.05 0.07 0.2 0.22 1.09 0.17 0.002
Cooler

(b)

Powder
Powder-gas jet

Fig. 1. (a) Sketch of EHLA machine and (b) ILT Coax EHLA powder nozzle.
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Fig. 2. Powder size distribution with respect to (a) amount fraction and (b) volume fraction. The particle diameters of cumulative distributions of 10%, 50%, and
90% (D10, D50, and D90) are marked at the corresponding positions in respective figures.
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Fig. 3. Powder nozzle tip in (a) with measuring height in blue lines, level 1 to 15 from top to bottom, and measurements of powder focus cross section in (b) with
height Z in mm and diameter D in mm accordingly. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

In the vicinity of the nozzle tip, the powder stream cross-section
exhibited a ring-shaped structure. With increasing distance from the
nozzle, the ring diameter decreased progressively until a point-like
cross-section was obtained at the powder focus (Fig. 3(b), Level 6 to
Level 9). The measurements further revealed that the powder stream
was not fully homogeneous in regions where a ring-shaped cross-section
occurred. Instead, localized particle agglomerations were observed,
which can be attributed to the configuration of the three powder inlets.

Since the laser spot diameter was measured to be 1.4 mm, the
powder convergence diameter should remain within this value, for the
following reasons: If the diameter of the laser beam is larger than the
powder focus, higher powder efficiency can be expected, and secondly,
to prevent the central region of the laser beam from passing through a
defocused powder stream and directly irradiating the substrate, which
would lead to excessive substrate melting and undesired dilution.
Therefore, the PFD between the fifth and ninth levels were of ideal
range.

For the experiments, the powder focus setting at level 7 with powder
convergence diameter 1.28 mm was used as the reference position.

Table 2
EHLA processing parameter set.

When this focus plane coincided precisely with the substrate surface, the
PFD was defined as 0 mm. A positive PFD value corresponds to an up-
ward shift of the powder focus, indicating the distance above the sub-
strate surface. In this study, PFD values of 0 mm, 0.5 mm, and 0.75 mm
were selected. Combined with four laser power levels ranging from
2500 W to 3250 W, a total of twelve samples were fabricated. The
corresponding processing parameters are listed in Table 2.

A schematic of the sample geometry is shown in Fig. 4(a). The X-axis
(spatial coordinate in green) is always parallel to the longitudinal axis
direction of the rod-shaped substrate, which is also the build direction.
This spatial coordinate system was also used in the subsequent EBSD
sample coordinate system. Each deposited track exhibited a nominal
coating width of 10 mm, and adjacent coatings were spaced 2 mm apart.
To characterize the microstructure and evaluate coating performance,
samples were sectioned along both the longitudinal (build) direction
and the circumferential (transverse) direction, as illustrated in Fig. 4(b).
The spatial coordinate XYZ will be used for all subsequent
measurements.

Sample denomination with respect to parameters are shown in

Laser beam diameter ~ Offset per track Build-rate (m/  Powder mass flow

Carrier gas (Ar) flow

Shielding gas (Ar) Laser power Powder focus distance

(mm) (mm) min) (g/min) (1/min) (1/min) w) (PFD) (mm)
1.4 0.2 50 26.2 6.5 10 2500 0

2750 0.5

3000 0.75

3250
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Longitudinal

Fig. 4. (a) sketch of sample geometry with spatial coordinate and rotation during processing. (b) actual samples and cutting, spatial coordinates are shared with

those in (a).

Table 3
Parameters and denomination of EHLA samples.
Sample Laser Powder Sample Laser Powder
No. power (W) focus (mm) No. power (W) focus (mm)
1 2500 0 7 3000 0.5
2 2750 0 8 3250 0.5
3 3000 0 9 2500 0.75
4 3250 0 10 2750 0.75
5 2500 0.5 11 3000 0.75
6 2750 0.5 12 3250 0.75

Table 3. PFD represents the spatial height difference between the hori-
zontal plane of powder focus and the substrate surface tangential to this
plane.

2.3. Microstructural characterization methods

Optical microscopy Keyence VHX-600 digital microscope (Keyence
GmbH, Germany) was used to evaluate coating quality via micro-defect
observation and bonding continuity. The samples were ground up with
2500 SiC grid paper, followed by mechanical polishing with 6, 3 and 1
pm diamond suspension. Samples were etched with in V2A-Beize solu-
tion (Struers GmbH, Germany) which is a mixed-acid solution based on
nitric acid (HNOs) and hydrofluoric acid (HF)with water and cleaned
with ethanol. Etching was carried out at 60 °C with duration of 10s.

Scanning electron microscopy (SEM) energy dispersive X-ray
diffraction (EDS), and Electron backscatter diffraction analysis (EBSD)
were performed on a Zeiss Sigma field emission gun SEM (Carl Zeiss
Microscopy, Oberkochen, Germany) equipped with EBSD and EDS de-
tectors by Oxford Instruments (Abingdon, UK). For EDS, a 20 kV electron
beam was used to measure the metallic elements Fe, Cr, Ni, Cu, Mn, and
Nb. For EBSD, voltage of 16 kV with a working distance of 15-17 mm
was chosen. The step size was selected accordingly based on size of
scanning area: a step size of 0.3 pm was used for large area scannings,
while a finer step size of 0.1 pm with fixed scanned area of 240 x 200 pm
was adopted for slice scans aimed at investigating microstructure. The
exact center of all EBSD mappings corresponds to the central region of
the selected area, thereby eliminating systematic errors caused by
asymmetry in the selection. Analysis and reconstruction of EBSD data
were carried out with the MATLAB® (Mathworks, USA) based MTEX
toolbox [35].

2.4. Mechanical characterization methods

Hardness testing (Vickers method) was carried out using a ZHp
microhardness tester (Zwick/Roell GmbH & Co. KG, Germany) with
diamond pyramid according to ISO 6507 and ASTM E384. 200gf
(HVO0.2) was selected as defined test load. For each condition, ten in-
dentations were conducted. The maximum and minimum values were
excluded, and the mean hardness was determined from the remaining
data.

2.5. Processing simulation and CALPHAD modelling

An in-house simulation tool developed by the Fraunhofer ILT was
used to calculate the spatially resolved temperature profiles within a
track and the subsequent in situ heat treatment caused by the following
tracks. This tool uses the finite element method to numerically solve the
free boundary value problem for powder-based laser cladding. A recent
update to the tool now also addresses the multiple reflections within the
powder cloud that are relevant to the EHLA process [36]. The resulting
high gradients within the process zone require a resolution of approxi-
mately 5 pm for the element edge length in this zone.

Due to the resulting high number of nodes, this cannot be achieved
over the entire cylinder. Therefore, only a section of the cylinder con-
taining the process zone and its boundary area was selected for the finite
element mesh. For the overlap tracks calculated on this section, a
waiting time corresponding to the circulation time on the cylinder was
applied for each subsequent track. Since the coating material shares
similar physical properties with the substrate, the following parameters
are applied to both. Important physical properties and parameters are
listed in Table 4.

Track formation on a cylindrical surface has proven to be extremely
complex. Therefore, the calculation for layer formation was carried out
on a flat surface, as shown in Fig. 5. To reduce modelling complexity
resulting from enhancing the powder focus, the process simulation
considers a PFD of 0 mm as the starting condition. The preheating
calculated on the cylindrical geometry shown in Fig. 5 was used as input
into the module for track development. At the end of each track, a
waiting time was applied that corresponds to the length of the remaining
circulation time on the rod.

Equilibrium phase diagrams were calculated using Thermo-Calc®
software [37] (2023b release, Thermo-Calc Software, Sweden) with
database TCFE10 v10.1. Matcalc® software (version 6.04) [38] along
with the thermodynamic (‘mc_Fe.tdb’, version 2.023) and diffusion
(‘mc_Fe.ddb’) databases were employed to simulate the kinetic evolu-
tion of matrix phases in 17-4PH alloy system during EHLA processing.
The kinetic simulation in MatCalc is based on classical nucleation theory
and the Svoboda-Fischer-Fratzl-Kozeschnik (SFFK) growth model [39].
Temperature — time relations were generated from process modelling.

3. Result and discussion
3.1. Coating morphology

To provide a more intuitive presentation of the quality of the EHLA

Table 4
Physical properties and parameters for processing simulation.
Properties Material Heat Energy Ambient
and density capacity Absorption temperature T
parameters p (kg/mm?) Cp(J/kg/k) rate (K)
7.8 x 1076 500 0.59 298
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Fig. 5. Temperature development during the process for 4 tracks (left) and (e) positions for recording the temperature-time cycles as an example. The colour bar

indicates a temperature range from 100 to 3200 °C.

coatings obtained under different processing conditions, the LOM mi-
crographs of all samples are compiled in Fig. 6. For each sample group,
the coatings were examined in both orthogonal cross-sections (the
circumferential direction and the longitudinal direction). For each
sample, the coating thickness was measured at 10 locations. In the
longitudinal direction (Fig. 6a), the maximum and minimum thickness
values were indicated separately. Since the laser spot diameter was 1.4
mm and the offset between adjacent tracks was 0.2 mm, the coating
length near the beginning and the end of the cladding path contained
fewer accumulated tracks than the steady-state region. Therefore, these
edge regions were excluded from the thickness evaluation, and the mean
coating thickness was determined only from the remaining steady-state
region. An example of the steady-state region is marked for the 2500 W,
0 mm sample in the Fig. 6a. The coating thicknesses measured in the
circumferential and longitudinal directions for all sample groups are
presented in Fig. 7(a) and (b), respectively. It can be seen that under all
processing conditions, the mean coating thickness in circumferential
directions were approximately 250 pm. In the longitudinal direction, no
clear dependence of the mean coating thickness on the processing con-
dition was observed, and the thickness values exhibited a larger scatter
than those measured in the circumferential cross-section.

The measurement of the dilution depth and the calculation of the
dilution ratio were conducted in a manner similar to that commonly
adopted in conventional DED studies [40,41]. The coating thickness, H,
was defined as the vertical distance from the original substrate surface to
the top surface of the deposited layer, whereas the dilution depth, D, was
defined as the penetration depth of the molten zone extending below the
original substrate surface. Following the geometrical description
commonly used for laser-clad cross-sections, the dilution ratio was
calculated according to Eq. (1) [41]:

D 'mean

= ———— x 100% 1
Ho Dyean " M

n

For each processing condition, 10 values of D were measured, and
the average value, Dpean, Was used to calculate the dilution ratio. The
results are shown in Fig. 7(c).

In addition to the average dilution depth, the maximum dilution
depth, Dpax, was measured, as shown in Fig. 7(d). To quantify the sta-
bility of the dilution depth, a dilution-depth ratio, a, was defined as
shown in Eq.2.

a:’#x 100% @)

max

The results for the dilution-depth ratio are presented in Fig. 7(e). If
the melt pool exhibits a regular period corresponding to the track offset
and the dilution depth remains constant, then a approaches 100% (Fig. 7
(f) upper).

For the same PFD, increasing the laser power clearly increased the
dilution depth, thereby further increasing the dilution ratio. At a con-
stant laser power with three different PFD values, both the average
dilution depth and the maximum dilution depth showed a slight in-
crease, except for the lowest laser power of 2500 W. For the coatings
produced with 2500 W, the average dilution depth remained nearly
unchanged across different PFD values, and a similar trend was observed
for the maximum dilution depth. Compared to the samples processed
with less PFD, the samples processed at a PFD of 0.75 mm exhibited the
highest dilution-depth ratio. In addition, increasing the laser power also
led to an increase in the dilution-depth ratio. This indicates that, within
a certain range, increasing the PFD can result in a more stable dilution
depth, as schematically illustrated in Fig. 7 (f). On the other hand, within
the PFD range of 0-0.75 mm, the effect of PFD on the dilution depth can
be considered negligible, and the dilution depth was mainly governed by
the laser power, increasing with increasing laser power. Combined with
the weak correlation between the coating thickness and both PFD and
laser power, the coating morphology suggests two possible directions for
process optimization:(1) reducing the laser power to decrease the dilu-
tion ratio; and (2) increasing the PFD to obtain a more homogeneous
dilution depth. Other effects of laser power on the dilution behavior will
be further discussed in Section 3.5.

3.2. Hardness measurement

Representative hardness profiles of the coatings were obtained and
compared across all samples as shown in Fig. 8. Particular attention was
paid to the region near the coating—substrate interface. The hardness on
the coating-adjacent sides of the interfaces exhibited the same variation
trend as that of the coating and were slightly higher in all cases. The
maximum hardness is observed in the No. 4 (3250 W, PFD = 0 mm) up to
392HV, 5.

Since the final coating undergoes a turning operation, the in-service
coating thickness is smaller than the as-built thickness; therefore, the
hardness test was selected to be performed at a distance of 150-200 pm
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Fig. 6. LOM images of all coatings: (a) along longitudinal direction and (b) circumferential cross-section direction.

from the coating-substrate interface, denominated coating top. For
samples processed with the same powder focus height, the microhard-
ness increased with increasing laser power. At a fixed laser power, a
slight decrease in hardness was observed as the PFD was increased. In
the case of the coatings with powder focus distance at 0.75 mm, the
hardness exhibited only a marginal increase when the laser power was
raised from 2750 W to 3250 W. Among all as-built samples, Sample No.4
(3250 W, PFD = 0 mm) showed the highest average hardness, reaching
392 HVO0.2. Based on these observations, Samples No.1-4 (PFD = 0 mm)
were selected to investigate the influence of laser power on the micro-
structure, dilution, and phase evolution, whereas samples No.4, No.8
and No.12 (3250 W) were used to examine the effect of the powder focus
parameter.

3.3. Influence of laser power on the coating microstructure

Since laser power significantly affects coating hardness, to investi-
gate its influence on microstructure, samples No. 1 and No.
4—representing the lowest and highest laser powers—were first selected
for comparison. During the EHLA procedure, the process follows a re-
petitive sequence: after each full rotation of the substrate, the subse-
quent track is deposited on top of the previously solidified material. If

the process terminates at this stage, the most recently deposited track
forms the terminal edge of the coating. By extension, the thermal cycles
and phase-transformation history experienced by any individual track
over time can be considered equivalent to the cumulative thermal and
transformation history imposed on several preceding, adjacent tracks
during the deposition of the current track. Consequently, the terminal
region of the coating was selected for analyzing microstructural evolu-
tion. In analogy to previous welding and AM studies that exploit
spatially resolved characterization along the build or weld direction as a
proxy for in-situ phase transformation analysis [42-44], the present
work investigates different positions within the same EHLA coating to
reconstruct the cumulative thermal and phase-transformation history.

Fig. 9 (a) and (b) show the etched cross-section of the coating taken
along the longitudinal (axial) direction of sample No.1 (2500 W PFD = 0
mm) and No.4 (3250 W PFD = 0 mm) with LOM. The spatial reference
frame is defined as follows: the Z-axis points outward, perpendicular to
the observation plane, while X and Y correspond to the horizontal and
vertical directions of the sample, respectively. Metallurgical bonding
was observed between the coating and the substrate, and no internal
defects are detected within the coating. The coating exhibits a uniform
thickness of approximately 250 pm above substrate surface.

A clear contrast can be observed between the different laser power
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this phenomenon is particularly pronounced in the 0 mm PFD.

levels: at 2500 W, the layer boundaries within the coating remain
relatively straight, whereas at 3250 W these boundaries become
noticeably more curved and complex. This behavior is consistent with
observations reported in DED studies [25,45,46], where the melt-pool
penetration depth increases with increasing laser power. In addition, a
significant population of elongated columnar grains was observed near
the top region of the 2500 W coating. These grains correspond to soft
ferritic structures, with maximum observable lengths of approximately
100 pm. In contrast, the 3250 W coating exhibited only a small fraction
of short columnar grains confined to the coating top. Because these
surface grains will be remelted during the subsequent turning operation,
the unmelted parts will remain inside the coatings.

During deposition, the substrate completes one full rotation while
the laser advances by 0.2 mm in the negative X-direction, resulting in a
theoretical inter-track spacing of 0.2 mm. This spacing is indicated by
the blue arrows in both samples in Fig. 9 which represent the center-to-
center distance between adjacent layers. Considering a laser spot
diameter of 1.4 mm, the spot spans roughly seven such spacing intervals.
The etched melt-pool boundaries (highlighted by red curves) represent
the actual layer boundaries, and their spacing is indicated by the yellow
arrows. Additionally, less pronounced melt-pool boundaries are also
visible (orange dash lines). It is evident that the actual inter-layer
spacing does not always coincide with the theoretical spacing; only a

portion of the layers align with the predicted positions (marked by green
boxes). This is related to the stability of powder carrier gas flow during
high-speed rotation. Furthermore, due to the convex surface formed
after solidification of the molten pool, the subsequent track produces an
asymmetric, S-shaped melt boundary. As a result, the normal direction
of the melt line forms a noticeable inclination around 30° relative to the
X-axis.

To more accurately resolve the microstructural features—particu-
larly the phase constitution—EBSD measurements were performed in
the LOM-identified regions, and the resulting EBSD-IPF maps were
overlaid with the corresponding LOM images, as shown in Fig. 10. The
EBSD colour key was oriented such that the [001] crystallographic
orientation is parallel to the sample Z-direction (out of plane). The high-
contrast red layer boundary identified in the LOM image was retained
and superimposed above the EBSD map for direct comparison.

The EBSD scan area was selected based on the following consider-
ations. Firstly, the thermal input within the laser spot directly affects the
coating over an equivalent surface area; therefore, the scan width was
set to match the laser diameter of 1.4 mm. Secondly, the region corre-
sponds to the hardness measurement locations and is representative of
the final coating thickness. To avoid the influences near the coat-
ing-substrate interface, the EBSD scan height was limited to 200 pm.

By comparing samples processed with the same powder focus but
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Fig. 9. LOM result of etched No.1 (2500 W PFDOmm) and No.4 (3250 W PFDOmm) samples. The blue arrow indicates the theoretical track distance, while the yellow
arrow represents the actual track spacing. The red and orange lines denote the layer boundary (fusion line). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

different laser energy inputs, clear differences in microstructural
morphology can be observed. The coating of Sample No. 4 (3250 W,
PFD = 0 mm) exhibits an almost fully martensitic structure across the
entire analysis area, and the long axes of the grains show a more pro-
nounced inclination toward the build-direction (negative X-direction)
compared with those in Sample No. 1 (2500 W, PFD = 0 mm). This
behavior is associated with the geometry of the layer boundary. As
demonstrated earlier in the LOM results, a higher laser power produces a
more strongly curved layer boundary, and the solidification thermal
gradient generally aligns with the local normal to this boundary.
Consequently, the grain long axes orient at a larger angle relative to the
surface normal. In Sample No. 1 (2500 W, PFD = 0 mm), elongated
columnar ferrite grains originating from the melt pool of previous layer
extend into the mid-thickness of the coating, resulting in a mixed
microstructure of martensite with a small amount of columnar ferrite.
This explains the lower hardness observed in this coating.

3.4. Influence of laser power on phase evolution

Using the TCFE10 thermodynamic database in Thermo-Calc, the
equilibrium phase diagram of 17-4PH stainless steel was calculated, as
shown in Fig. 11(a). The thermodynamically stable phases are indicated,
comprising of the liquid phase at high temperatures (above 1447 °C), the
austenite  domain region at intermediate  temperatures
(767 °C-1314 °C), and the ferrite region at lower temperatures (below
767 °C). Fig. 11(b) presents a representative temperature-time profile at
the substrate surface for a single-track during processing. The temper-
ature axis is aligned with that of the equilibrium phase diagram, and the
potential matrix phases during the heating and cooling cycle of the track
are annotated based on the relationship between equilibrium and
metastable phase formation.

Thermo-Calc predicts an Aci temperature of approximately 740 °C
and an Ms. temperature of approximately 139 °C. From the thermal
history, the cooling path between Ac: and Ms. exhibits sufficiently high,
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aligned temperature.

thereby suppressing ferrite formation and promoting the transformation
of undercooled austenite into martensite.

Based on the temperature-phase equilibrium relationships estab-
lished during the aforementioned process, a matrix phase kinetic
simulation can be developed. Fig. 12(a) presents the thermal histories of
surface elements recorded under the four different laser powers during
the EHLA process. With a laser spot diameter of 1.4 mm and an offset of
0.2 mm per revolution, each point on the surface experiences direct laser
exposure at least seven times (labeled ®-@ in the figure). Because the
powder is first heated by the laser above its melting point and is sub-
sequently cooled upon contact with the substrate to form the coating,
the initiation of cladding occurs at the first track where the substrate
surface temperature exceeds the powder liquidus temper-
ature—identified as track @, which is marked as the cladding start in
Fig. 12(a). Owing to the non-negligible thickness increment contributed
by each deposited track, the effect of laser energy on the coating

temperature diminishes as the layer thickness accumulates, leading to a
decrease in the peak temperature from the track ® onward.

Using the temperature-time profiles in Fig. 12(a) as input, the cor-
responding effective austenite transformation fractions are shown in
Fig. 12(b). Based on the solidification sequence confirmed in
Fig. 11—where &-ferrite solidifies first—the austenite fraction was
calculated as a phase transformed from &-ferrite. Dislocations, grain
boundaries, and subgrain boundaries were employed as heterogeneous
nucleation sites to model the rapid solidification process. It should be
emphasized that this austenite fraction reflects only the transient § — y
transformation within each track, rather than the actual retained
austenite content. Upon cooling to the Ms. temperature, austenite
transforms into martensite, meaning that the true austenite fraction at
room temperature is zero. The previous EBSD results further confirmed
that martensite is the dominant phase, with no retained austenite
observed, indicating that the cooling rate was sufficiently high to ensure
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the complete transformation of austenite into martensite. Meanwhile, in
the simulation the austenite fraction is reset to zero whenever the local
temperature exceeds the liquidus, which correctly reflects the physical
condition that no solid-state phase transformation can occur in the fully
molten state during EHLA.

A clear trend is observed: higher laser power produces a higher final
effective austenite fraction. The 3250 W condition exhibits the highest
value, reaching 91.4%. The primary difference in the fraction stems
from the contribution of the final track within the austenitizing

Lastirack

PAG reconstruction

temperature range, whereas the intermediate tracks show no direct
monotonic dependence on laser power. The transformed austenite
content is the lowest at laser power of 2500 W, reaching 84.8%. This
trend aligns with the microstructural characteristics observed in the
coating No.1 (2500 W PFD = 0 mm) and No.4 (3250 W PFD = 0 mm)
described in Section 3.2. This indicates that as laser power increases, the
rise in coating hardness stems from an increase in austenite content that
is eventually quenched into a larger fraction of martensite.

To further investigate the evolution of phase constituents during

Fig. 13. (a) 3 EBSD Mapping positions in coating geometry of No.4 (3250 W PFDOmm), (b)-(d) IPFD maps and (e)-(g) maps of reconstructed austenite phase(blue)
and retained ferrite phase (orange). (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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laser processing, the quasi-in-situ approach described in Section 3.2 was
adopted. Based on this method, Sample No. 4 (3250 W PFD = 0 mm),
which exhibited the highest average hardness, was selected to analyze
the phase evolution associated with each individual track.

The preparation of the plane used to examine phase transformations
is illustrated in Fig. 13(a). Because the final track does not reach the full
average coating thickness, the analysis begins from the second-to-last
track, located at 400 pm. The position at 800 pm corresponds to the
center of the laser spot of the final track and represents the mid-stage of
phase transformation during laser processing. The position at 1400 pm
marks the endpoint of the final track; beyond this point, previously
deposited tracks were already outside the laser spot and therefore no
longer subjected to direct laser heating. In other words, the cumulative
phase transformations cease after this location.

The sample was cut and polished at an inclination angle of 60° be-
tween longitudinal direction of substrate, enabling a cross-section nearly
normal to the fusion line direction and thus capturing grain morphol-
ogies as close as possible to the true solidification orientation.

The EBSD results indicate that the coating consists entirely of a BCC
phase. Given that 17-4PH exhibits primary solidification as §-ferrite at
high temperature (Fig. 11(a)), and in conjunction with the aforemen-
tioned phase kinetics simulation results, the final BCC phase should
comprise a-martensite and a small amount of ferrite, as both of these
phases are identified as BCC phases in the EBSD results. Since
o-martensite is obtained through the rapid cooling phase trans-
formation of austenite, a microstructural analysis of the parent austenite
was conducted to investigate the microstructural evolution under EHLA
thermal cycling. A commonly used method for distinguishing martensite
and ferrite in EBSD analysis is based on the quality of the EBSD patterns
(EBSPs). Ferrite generally tends to produce higher-quality patterns than
martensite; therefore, parameters such as image quality (IQ), band
contrast (BC), and band slope (BS) are often used for phase dis-
tinguishment [47,48]. However, the reliability of this approach strongly
depends on the quality of surface preparation. In additively manufac-
tured (AM) materials, the high cooling rates may introduce substantial
local strain. Furthermore, distinguishment based solely on pattern
quality becomes less reliable when martensite is the dominant phase and
both phases exhibit small grain sizes. Therefore, parent austenite
reconstruction was employed in the present work to obtain a conser-
vative estimate of the martensite fraction [49]. During reconstruction,
neighboring martensitic grains were assigned to the same cluster when
their misorientation satisfied the threshold criterion associated with a
predefined orientation relationship. Each cluster was then regarded as
one reconstructed parent austenite grain and exported for further
analysis. In this work, grain misorientation threshold of 5° was applied
to distinguish all grain structure of all EBSD results. Austenite recon-
struction was performed using the Kurdjumov-Sachs (K—S) crystallo-
graphic relationship [50], with the misorientation threshold and
tolerance both set to 3.25°. Details of PAG reconstruction and K—S
orientation relations together with factors of error function are placed in
Appendix 1 and 2.

Fig. 13(b)-(d) show the EBSD-IPF maps obtained at the three
selected locations from Fig. 13(a), while Fig. 13(e)-(g) present the
corresponding reconstructed austenite phase maps. In these maps, blue
denotes grains successfully reconstructed as prior austenite, whereas
orange marks grains that could not be reconstructed and were therefore
retained ferrite. The fraction of reconstructed austenite, as well as the

Table 5
Mean long-axis grain size, mean short-axis grain size and reconstructed phase
fraction of three positions from EBSD data.

Map position 400 pm 800 pm 1400 pm
Mean long-axis grain size (pm) 24.78 32.07 36.53
Mean short-axis grain size (pm) 11.59 15.43 16.70
Reconstructed phase fraction 79.0% 83.6% 93.1%

11

Surface & Coatings Technology 531 (2026) 133539

long-axis and short-axis grain sizes of the reconstructed parent austenite
grains, are summarized in the Table 5. The distinction between long and
short axes is employed to better reflect the anisotropic grain morphology
typical of additively manufactured materials and to analyze the corre-
sponding microstructural evolution. The reconstructed austenite frac-
tions at 400 pm and 800 pm are nearly identical, whereas the
reconstruction fraction at 1400 pm is noticeably higher. This result is
consistent with the predictions of the kinetic model. In terms of grain
size, both the long-axis and short-axis dimensions increase progressively
with position. This is consistent with the grain growth characteristics
observed under thermal accumulation conditions.

3.5. Dilution behavior influenced by laser power and powder focus

To further elucidate the bonding characteristics between the coating
and the substrate, as well as the influence of chemical composition, EDS
mapping was performed both at the coating—substrate interface and
within the coating interior, followed by fine line scans based on the
elemental distribution. Because the substrate contains no Cr and the
coating possesses a significantly higher Cr content than the other
alloying elements, the Cr distribution was used as an indicator to assess
how dilution is affected by the laser power and powder focus. Sample
No.1 (2500 W PFD = 0 mm), No.4 (3250 W PFD = 0 mm) and No.12
(3250 W PFD = 0.75 mm) were presented as a representative case.

For each sample, four arbitrary line-scan positions were selected
across the coating-substrate interface, as indicated by the red lines in
Fig. 14(a), (c) and (e). The corresponding Cr concentration profiles are
shown in Fig. 14(b), (d) and (). Fig. 14(g) redraws the horizontal axis
from Fig. 14(f) to align with the scanning range of the preceding figures.
Several engineering guidelines and corrosion studies indicate that
chromium levels of ~11.5-12.5 wt% are required to ensure adequate
corrosion resistance in more aggressive environments, particularly in
the absence of Mo or Al [51,52]. In line with these findings, a Cr content
of 12 wt% was considered the minimum threshold required for corrosion
resistance [53]. The maximum distance over which the Cr content falls
below this threshold is highlighted by a black box, and the location
where the Cr content first returns to the same level along the same scan
is used to define the maximum dilution distance. These distances are
marked on each Cr-distribution plot. A larger maximum dilution dis-
tance indicates that the Cr-depleted region extends closer to the coating
surface, implying an earlier onset of corrosion-related failure.

At a powder focus of 0 mm, the maximum dilution distances of the
coatings are very similar; however, the Cr concentration at the
maximum dilution distance increases with increasing laser power. At
higher distances from the interface, the Cr concentration inside the
coating gradually reaches a steady level, and this steady-state Cr content
decreases as the laser power increases. It is noteworthy that in Sample
No. 12 (3250 W PFD = 0.75 mm) in Fig. 14(e), a pronounced diluted
region remains in the upper portion of the coating far from the interface,
necessitating an extended EDS scanning range. Such long-range dilution
was not observed in the other samples.

Near the coating-substrate interface, the homogeneity of the Cr
distribution improves with increasing powder focus, and the regions
with Cr contents below 12 wt% become smaller. This indicates that
increasing PFD promotes a more chemically uniform interface between
the coating and the substrate. As the powder focus increases from O to
0.75 mm, the overall Cr content in the middle of the coating increases
slightly, suggesting that at PFD = 0 mm, repeated thermal cycles cause
previously diluted regions to undergo further mixing with the substrate.
This trend is reflected in the maximum dilution distance (highlighted by
the black boxed regions in the figure), which decreases as the PFD
increases.

To more accurately characterize the behavior at the interface of
coating-substrate dilution, high-resolution EDS line scans of Cr were
performed at the coating-substrate interface for six representative
samples shown in Fig. 15, using a step size of 0.2 pm. The scanning width
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Fig. 14. (a), (c) and (e) EDS map results with line scan positions and (b), (d) and (f) line scan diagrams, (g) zoomed in on line scan in (f) to 100 pm. (f) highlights the
chromium-depleted zone within the coating (red) far from the coating-substrate interface.

is 40 pum, ensuring sufficient line length to capture the elemental dis-
tribution at the coating-substrate interface. Owing to inhomogeneous
melt mixing in the fusion zone, the Cr concentration profile does not
consistently follow the one-dimensional error-function-type distribution
[54]. The regions that conform to liquid-state diffusion behavior are
highlighted in the figure. In most cases, the Cr concentration initially
exhibits a diffusion-controlled gradient from the substrate toward the
coating, followed by a transition into an unstable mixing region. Beyond
this region, the Cr gradient often decreases, and in certain locations the
Cr content drops due to excessive entrainment of substrate material into
the melt pool.

Notably, in sample No.1 (2500 W PFD = 0 mm) and No.2 (2750 W
PFD = 0 mm), two separated diffusion-like regions exceeding 20 pm
were observed along line scan 3. In the No.12 coating (3250 W PFD =
0.5 mm), a Cr-depleted zone appears at approximately 25 pm along line
scan 4. These observations collectively indicate that the interaction
between the molten powder and the substrate is inherently inhomoge-
neous during deposition. Moreover, the extremely high cooling rate in
EHLA shortens the lifetime of the liquid phase, limiting solute diffusion;
as a result, Cr-depleted regions formed during unstable mixing are
retained within the solidified coating.

The diffusion-controlled dilution zones at the coating-substrate
interface for all samples are highlighted in Fig. 15. A clear trend is
observed in Fig. 15(a)-(d): as the laser energy input increases, the Cr
concentration gradient at the interface becomes progressively less steep.
This behavior arises because higher laser energy prolongs the time
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during which the coating and substrate remain in the liquid state,
thereby enhancing solute diffusion and leading to a more gradual con-
centration transition across the interface.

The influence of powder focus on the interfacial Cr gradient can be
assessed from Fig. 15(d)-(f). With increasing powder focus, the Cr
concentration gradient becomes noticeably steeper. Analogous to the
effect of laser power, increasing the powder focus effectively reduces the
extent of liquid-state mixing between the coating and the substrate,
thereby preserving a sharper compositional transition at the interface.

Based on the EDS mapping results above; two distinct forms of
dilution can be identified within the EHLA-produced coatings. The first
is diffusion-dominated dilution occurring at the coating-substrate
interface, which provides the basis for stable metallurgical bonding. The
second is non-diffusional dilution i.e., convective dilution, appearing at
locations far from the interface, as clearly evidenced by the Cr distri-
bution maps. From a physical-mechanistic standpoint, the first type can
be reasonably approximated by a one-dimensional diffusion model
acting across a planar interface between the coating and the substrate. In
contrast, the second type originates from mechanical entrainment of
substrate melt convection mixing into the molten coating, followed by
incomplete solute exchange under rapid solidification. These convection
regions subsequently solidify as locally Cr-depleted zones and remained
within the coating. The following sections discuss these two dilution
mechanisms separately.

In the case of single-layer coatings where dilution at the interface is
dominated by diffusion, most previous studies have focused on
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Fig. 15. EDS diagrams on line scanning at the coating—substrate interface acquired with a 0.2 pm step size of 6 coatings. Bonds with typical diffusive behavior at the

coating — substrate interfaces are highlighted.

geometric dilution, estimating the dilution ratio based on melt pool
depth and coating thickness [55,56]. It is well established that the
dilution ratio generally increases with higher line energy density (i.e.,
higher laser power or lower scan speed) and decreases with higher
powder mass flow rate or faster scanning speed [57-59]. These pa-
rameters fundamentally govern the extent of substrate melting under the
influence of process energy, thereby controlling the degree of

No.1
2500W PF Omm

No.4
3250W PF Omm

No.12
3250W PF 0.75mm

250pum

intermixing between base metal and powder, and ultimately deter-
mining diffusion depth and dilution behavior.

Unlike diffusion-dominated dilution, dilution occurring at a certain
distance from the coating—substrate interface does not originate from
atomic diffusion within the material. Instead, it is caused by convective
mixing between the melt generated by substrate melting and the molten
additive material. This non-diffusive mechanism is referred to herein as

Build direction
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Fig. 16. Cr distribution at last tracks of sample No.1(2500 W, PFD 0 mm) No.4(3250 W, PFD 0 mm) and No.12(3250 W, PFD 0.75 mm). Convection-induced di-
lutions are highlighted in red and convection mixing are shown in blue box respectively. Red arrows show the evidence of typical convection-induced dilutions. (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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convection-induced dilution. The resulting dilution front typically ex-
hibits a curved morphology with a finite volume. Previous studies on
such convection phenomena have mainly focused on experimental
observation and numerical simulation of capillary flow and Marangoni
convection at the leading edge of the melt pool under laser irradiation
[60-63]. In the present work, convection-induced dilution within the
coating is analyzed through Cr distributions in the final deposited tracks,
as illustrated in Fig. 16.

For all three laser parameter sets, pronounced coating-substrate
convection was observed in the final track, as highlighted by the blue
boxes in Fig. 16. In addition, chromium-depleted regions induced by this
convective behavior were identified in the adjacent tracks (marked by
red arrows). For sample No. 12 (3250 W, PFD = 0.75 mm), convection
dilution extended to the surface of the coating, which is consistent with
the chromium-depleted zone observed near the coating surface in
Fig. 14(f). In contrast, for sample No. 1 (2500 W, PFD = 0 mm), the
convective dilution was confined to the middle of the track, with no
evident dilution near the surface. Although the highest laser power was
carried out in sample No. 4 (3250 W, PFD = 0 mm), no pronounced
convection-induced dilution was observed within the coating except for
the final track.

To further clarify the effect of laser power on convection-induced
dilution at an identical powder focus distance, as well as the distinct
dilution behavior observed at two powder focus distances under a laser
power of 3250 W, the average chemical composition was measured with
EDS at a location 200 pm above the coating—substrate interface. The
results are summarized in Table 6. For sample No. 1 (2500 W, PFD = 0
mm), the chromium content near the surface is nearly identical to that of
the powder feedstock, indicating that convection-induced dilution is
restricted to a narrow region close to the interface and does not signif-
icantly influence the entire coating. In contrast, the chromium contents
of the two coatings fabricated at 3250 W with different powder focus
distances (0 mm and 0.75 mm) are comparable, both are substantially
lower than the chromium content of the powder. Notably, for sample
No. 4 (3250 W, PFD = 0 mm), despite the absence of an apparent
convection-induced dilution zone at 200 pm from the interface, the
chromium content remains lower than that of sample No. 12 (3250 W,
PFD = 0.75 mm).

These results suggest that: (i) increasing the powder focus distance
effectively reduces the thermal influence on previously deposited tracks,
such that internal dilution zones cannot be fully homogenized by
intrinsic heat effects; (ii) although sample No. 4 (3250 W, PFD = 0 mm)
does not exhibit pronounced local chromium depletion by dilution, the
apparent uniform chromium distribution is achieved through composi-
tional averaging, resulting in an overall reduction in chromium content
across the coating; and (iii) reducing the laser energy input is an effec-
tive strategy for mitigating the global impact of convection-induced
dilution on coating composition.

The influence of laser power on convective dilution can be inter-
preted using the schematic shown in Fig. 17. At a laser power of 2500 W,
the relatively low heat input results in a limited amount of substrate
material being melted and involved in convective transport. Moreover,
according to the simulation result of temperature-time history in Fig. 10
(a), the lower laser power significantly shortens the liquid phase dura-
tion, further restricting the transportation of convective flow into the

Table 6
Chemical composition of alloy elements at 200 pm above the coating-substrate
interface.

Chemical composition Cr Ni Cu Nb

No.1 16.88 4.46 3.90 0.26
2500 W PFD 0 mm

No.4 15.14 4.16 3.41 0.22
3250 W PFD 0 mm

No.12 15.92 4.27 3.44 0.23

3250 W PFD 0.75 mm
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coating. The combination of these two effects causes convective dilution
to be confined to the vicinity of the coating-substrate interface, as
illustrated in Fig. 17(a). By contrast, increasing the laser power results in
a greater amount of substrate material melting and participating in
convective mixing with the coating material, accompanied by a pro-
longed lifetime of the convective flow. This significantly intensifies
convective dilution of Cr- free substrate into coating materials, which is
consequently reflected by an overall decrease in the chromium content
throughout the coating.

4. Conclusions

The present study demonstrates that dense 17-4PH coatings with a
nearly fully martensitic structure and good metallurgical bonding to the
substrate can be produced by the EHLA process when using a laser
power of 3250 W in combination with powder focus distances (PFDs) of
0, 0.5, and 0.75 mm. These results provide a feasible basis for achieving
the goal of ‘as-built is finish’ and offer a new perspective for process
parameter optimization and alloy design in EHLA-fabricated coatings.
Based on the analysis of EHLA-fabricated 17-4PH coatings produced
under different processing conditions, the following conclusions can be
drawn:

e At a constant laser power, different powder focus distances (PFD)
had little influence on the coating thickness or the mean dilution
depth. The laser power was identified as the dominant factor
affecting the dilution depth. However, increasing the PFD improved
the stability of dilution depth.
At a constant powder focus, increasing the laser power led to a higher
martensite fraction in the final track due to the cumulative phase
transformation occurring within the austenitic temperature range,
which in turn resulted in increased hardness. This trend was
consistently confirmed by both phase transformation simulations
and experimental results.
Diffusion-controlled dilution occurs at the coating-substrate inter-
face, establishing a stable metallurgical bond. The concentration
gradient decreases and the diffusion layer thickness increase with
increasing laser power, whereas increasing powder focus yields the
opposite trend—steeper concentration gradients and a thinner
diffusion thickness.

e Convection-induced dilution appears within the interior of the
coating, posing challenges for the corrosion resistance of 17-4PH
stainless-steel coatings. Higher laser power and lower powder focus
distance help suppress this type of dilution behavior by resulting in a
reduction in the overall Cr content but promoting a more homoge-
neous Cr distribution within the coating.

Finally, the selection of laser power and powder focus distance (PFD)
should be taken into consideration of the specific characteristics of the
coating material. In the present study, a relatively high laser power was
employed to obtain a fully martensitic 17-4PH coating. However, this
also resulted in an increased dilution ratio and subsequently a greater
chromium depletion. For non-martensitic Fe-based coatings, by
contrast, process optimization should give priority to an increased PFD
combined with a lower laser power, particularly when coating quality is
evaluated in terms of coating morphology and dilution behavior.
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Based on the specific orientation relationships associated with the austenite-to-martensite transformation, the parent (prior) austenite phase can be
reconstructed. This serves two purposes: firstly, to investigate the grain growth behavior of the parent austenite under thermal cycle; and secondly, to
investigate the evolution of the reconstructed phase fraction over the course of thermal cycling. The reconstruction takes into account 24 K-S
orientation relationships, which serve as the basis for reconstructing the original austenite, as shown in Fig. 1.

Reconstructed Austenite grain boundary
Habit plane with misorientation of 60°
Lath cluster wall <= 60°

-- Sub-grain boundary <20°

= Habit plane in Martensitic lath phase transformation:
011 //(111),
101), //(111),
(110) //(111),
Y :Austenite (FCC)
a’ : Martensite (BCC)

= Kurdjumov-Sachs orientation relation (K-S )
011}//1113}, 5 (111), //011),

Sketch of reconstructed Austenite sub-structure (Left), and example from EBSD result (right)

Appendix Fig. 1. K—S orientation relation and a PAG example. The specific misorientations are highlighted and.

During variant identification and PAG reconstruction, a 3.25° threshold and 3.25° tolerance were used to account for misorientations between
martensitic grains (child to child grains, C2C) and to reconstruct the austenitic matrix with clusters made of C2C pairs. 3.25 degree is the fitted value
for the left asymptote; to facilitate comparison, the fitted value of 3.75 for the right asymptote has also been included in the Fig. 2.
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Appendix Fig. 2. Error function used for threshold and tolerance value 3.25 degree (left asymptote) shown in green and 3.75 degree (right asymptote) in red.
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