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Abstract: Laser polishing (LP) is widely employed to enhance the surface quality of
additively manufactured (AM) metals; however, its behaviour within deep or confined internal
geometries remains insufficiently understood. Many high-performance AM components,
such as biomedical implants, turbine cooling channels, and metal microfluidic systems,
incorporate narrow internal features where heat-transfer conditions differ significantly from
open surfaces. In this study, laser powder bed fusion (LPBF)-fabricated 316L stainless
steel specimens containing ~10 mm deep slots with widths ranging from 1 to 5 mm
were subjected to laser polishing using a continuous-wave fibre laser (power: 80-120 W,
scan speed: 450-750 mm/s, spot size: ~80—100 pm, ~60—70% track overlap, single-pass
strategy). The influence of internal geometric confinement on microstructural evolution
and mechanical response was systematically investigated. A pronounced depth-dependent
microhardness gradient was observed along the slot wall, with hardness decreasing from
approximately 270 HV in the lower region to ~210 HV near the slot opening, with more
significant gradients in narrower geometries. Quantitative grain-size analysis revealed finer
grains (~8—-12 um) in the lower region and coarser grains (~18-25 pum) toward the upper
region, indicating progressive grain coarsening with increasing height. These variations are
attributed to geometry-dependent thermal boundary conditions, where enhanced conductive
coupling to the bulk substrate in the lower region promotes higher cooling rates, while reduced
thermal extraction near the slot opening results in slower solidification. The results provide
clear experimental evidence that internal geometric confinement can significantly influence
microstructure—property evolution during laser polishing, even under constant processing
parameters. This study highlights the importance of incorporating geometric effects into
post-processing strategies for AM components and offers practical insights for achieving more

predictable and uniform mechanical performance in confined internal features.

Keywords: laser polishing; additive manufacturing (AM) 316L; thermal confinement;
depth-dependent microhardness; slot and channel geometries; microstructure—property

relationship; biomedical and aerospace components

1. Introduction

1.1. Background and motivation

Metal additive manufacturing (AM), particularly laser powder bed fusion (LPBF)
of 316L stainless steel, has enabled the fabrication of components with highly complex
geometries, including internal channels, enclosed cavities, and architected features that

are difficult or impossible to produce using conventional subtractive methods [1-3].
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These capabilities have driven widespread adoption in high-performance applications
such as biomedical implants, acrospace cooling passages, compact heat exchangers, and
metal-based microfluidic systems [4—7]. Despite these advantages, LPBF-fabricated
components typically exhibit surface-related limitations, including partially fused
powder particles, elevated surface roughness, and microstructural heterogeneity, which
can negatively affect fatigue performance, corrosion resistance, fluid flow behaviour,
and structural reliability [8—10]. Laser polishing (LP) has emerged as a promising
non-contact post-processing technique for improving surface quality. By inducing
localized surface remelting, LP enables material redistribution driven by surface
tension and capillary flow, reducing surface asperities and modifying near-surface
microstructure [11-15]. Compared to conventional mechanical polishing, LP offers
advantages for complex geometries, particularly internal or inaccessible surfaces. For
open and planar surfaces, thermal behaviour during laser polishing is relatively well
understood, with heat dissipation governed by conduction and convection, leading
to predictable melt-pool dynamics and cooling rates [16, 17]. However, in confined
geometries such as deep slots or narrow internal channels, these assumptions no
longer hold. Geometric confinement alters heat-flow pathways by restricting lateral
conduction, reducing convective heat loss, and modifying melt-pool stability. Recent
theoretical and numerical studies have demonstrated that geometric confinement and
boundary conditions significantly influence melt-pool behaviour and solidification
kinetics during laser processing [18—22]. Reduced heat dissipation in confined regions
leads to variations in cooling rate, which directly influence grain growth and mechanical
properties [23,24]. While microhardness gradients have been reported within melt
pools and deposited layers in AM processes [25,26], comparatively little attention
has been given to depth-dependent microstructural evolution within laser-polished
confined geometries. Quantitative characterization techniques such as ImageJ-based
grain analysis [27] and ASTM E112 grain-size evaluation [28] provide robust tools for

such investigations; however, their application to internal geometries remains limited.

1.2. Comparison with existing studies

Existing studies on laser polishing have primarily focused on open or externally
accessible surfaces, where thermal boundary conditions are relatively uniform and well
understood [11-15]. Some investigations have explored laser polishing of internal
channels; however, these studies are often limited to surface roughness evaluation and
do not provide detailed insight into depth-dependent microstructural evolution [2, 3].
In parallel, numerical and theoretical studies have examined melt-pool dynamics and
thermal behaviour in laser-based processes, demonstrating that geometric confinement
significantly influences temperature distribution, cooling rates, and solidification
behaviour [18-22]. Advanced simulation and experimental studies further support
these findings by highlighting the role of melt-pool instability [23-27], defect evolution,
and thermal gradients in determining final microstructure [28-32]. Despite these
advances, many of these studies lack direct experimental validation within confined
internal geometries. Furthermore, while prior research has established relationships

between cooling rate, grain size, and mechanical properties, systematic experimental
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quantification within laser-polished internal features remains limited [33—-35].

1.3. Gap in knowledge

Most laser polishing studies implicitly assume open-surface conditions, where
heat dissipation into the bulk material and surrounding environment is relatively
unconstrained [11-15]. While this assumption is valid for external surfaces, it does
not accurately represent the thermal boundary conditions present in confined internal
geometries. In deep or narrow slots, heat extraction pathways vary significantly along
the feature depth due to differences in conductive coupling with the surrounding
bulk material and exposure to the environment. Although theoretical and numerical
investigations suggest that geometric confinement can modify melt-pool dynamics,
thermal gradients, and cooling behaviour [29-33], additional fundamental studies
on laser—material interaction, melt-pool physics, and additive manufacturing
defects further support these effects [36-40]. However, systematic experimental
studies quantifying depth-dependent microhardness and grain-size evolution in such
geometries remain scarce. This knowledge gap is particularly important because
internal surfaces often govern the long-term performance of engineering components,
including aerospace cooling channels, biomedical implants, and microfluidic systems,

where local microstructural stability and mechanical integrity are critical [41-45].

1.4. Objective of this study

The objective of this study is to investigate the influence of confined slot
geometry on microhardness and microstructural evolution during laser polishing of
LPBF-fabricated 316L stainless steel. By analysing lower, middle, and upper regions
of approximately 10 mm deep slots with widths ranging from 1 to 5 mm, the study
quantifies depth-dependent variations in hardness and grain size under controlled
processing conditions. The work aims to experimentally establish the relationship
between geometric boundary conditions, cooling-rate variation, grain refinement, and

mechanical response within confined internal features.

1.5. Contribution and novelty
This study makes the following key contributions:

+ It provides systematic experimental quantification of depth-dependent
microhardness variation within laser-polished internal AM slots.

» It demonstrates that geometric confinement influences hardness gradients even
when nominal laser processing parameters are held constant.

» It establishes a quantitative correlation between grain-size evolution and
mechanical response using ImageJ-based analysis and ASTM E112 grain-size
evaluation.

» It bridges the gap between theoretical predictions of confinement-induced thermal
effects and experimental observations in real AM geometries.

» It offers practical insights for optimizing laser polishing strategies in components
containing confined internal features, enabling improved control over local

mechanical performance.
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Figure 1 schematically illustrates the geometry-controlled thermal gradients in
laser-polished LPBF 316L slots and their influence on microstructural evolution and

hardness distribution.

Geometry-Controlled Thermal Behavior and Hardness Gradient
in Laser-Polished LPBF 316L Slots
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Figure 1. Geometry-controlled thermal behavior and resulting microstructural and hardness
gradients in laser-polished LPBF 316L internal slots.

Note: Schematic illustration showing (left) the laser polishing setup applied to a narrow internal slot geometry, (middle) the associated
heat transfer behavior, and (right) the resulting material response. The confined slot geometry restricts lateral heat dissipation near
the top region, leading to reduced cooling rates, slower solidification, and the formation of coarser grains with lower hardness. In
contrast, deeper regions experience enhanced conductive heat extraction, resulting in higher cooling rates, rapid solidification, finer
grain structures, and increased hardness. This depth-dependent thermal gradient governs the observed microstructural variation and
corresponding hardness distribution within the slot.

2. Methodology

2.1. Specimen fabrication and geometry

The specimens investigated in this study were fabricated from 316L stainless steel
using laser powder bed fusion (LPBF). The components were specifically designed
to incorporate straight internal slot geometries with a depth of approximately 10 mm
and widths ranging from 1 to 5 mm. These geometrical configurations were selected
to systematically investigate the influence of geometric confinement on heat transfer,
microstructural evolution, and mechanical response during laser polishing. The use of
well-defined slot geometries enables controlled comparison of different depth regions
along the slot wall under identical processing conditions, thereby isolating the effect of

geometric boundary conditions on thermal behaviour and material response.

2.2. Laser polishing procedure

Laser polishing was performed using a continuous-wave fibre laser operating at
a wavelength of approximately 1,060—1,080 nm. The processing parameters were
selected to promote stable surface remelting while avoiding excessive material removal
or distortion. The laser power was maintained in the range of 80—120 W, and the
scanning speed was varied between 450 and 750 mm/s. The laser beam was focused
to an effective spot diameter of approximately 80—100 um at the work surface. A
raster scanning strategy was employed along the slot walls, with a track overlap of
approximately 60—70% to ensure uniform surface coverage. A single-pass polishing
approach was adopted for all specimens to maintain consistency across different

geometries. Nitrogen shielding gas was used during processing to minimize oxidation
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and stabilize the melt pool. To provide a reproducible description of the processing

conditions, the applied energy input was characterized using:

P
v-d

where P is the laser power, v is the scan speed, and d is the effective beam diameter.

Based on these parameters, the process operates within a controlled remelting regime
suitable for modifying surface morphology and near-surface microstructure.

2.3. Metallographic preparation and grain size analysis

Following laser polishing, the specimens were sectioned to expose the internal slot
walls for detailed characterization. Standard metallographic preparation procedures
were employed, including sequential grinding and diamond polishing, to obtain a
smooth and deformation-free surface suitable for microstructural analysis. Chemical
etching was performed using aqua regia to reveal grain boundaries. Optical microscopy
was used to examine the microstructure at three distinct depths along the slot wall: the
lower region (~1 mm), middle region (~5 mm), and upper region (~10 mm). Grain-size
measurements were performed using Imagel software, employing thresholding and
watershed segmentation techniques for accurate grain boundary detection. Quantitative
grain-size values were obtained using area-based measurements and cross-validated
using the linear intercept method in accordance with ASTM E112 standards. This
combined approach ensures reliable and reproducible grain-size evaluation across
different depth regions.

2.4. Microhardness measurement

Microhardness measurements were conducted using a Vickers hardness tester
(HVo5). Indentations were performed at three defined locations along the slot wall
corresponding to the lower (~1 mm), middle (~5 mm), and upper (~10 mm) regions. A
load of 500 g with a dwell time of 10 s was applied for each indentation. To ensure
statistical reliability, five independent indentations were performed at each location,
and the average value was reported. All measurements were carried out after laser
polishing to directly evaluate the influence of thermal processing on local mechanical
response. Since all specimens were fabricated under identical LPBF conditions and
processed using consistent laser parameters, the observed variations are attributed
primarily to geometry-dependent thermal effects rather than differences in the initial

material condition.

2.5. Statistical analysis

To evaluate the significance of the observed variations, statistical analysis was
performed on both hardness and grain-size data. The reported values are expressed
as mean =+ standard deviation based on multiple measurements (n = 5). Differences
between depth regions were assessed using one-way analysis of variance (ANOVA)
with a significance level of p < 0.05. This confirms that the observed depth-dependent
variations in hardness and microstructure are statistically significant and not attributable

to experimental variability. Statistical methods such as ANOVA are widely employed in
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manufacturing research, including Taguchi-based and hybrid optimization approaches,
to assess parameter significance and variability. In the present study, ANOVA is used
to rigorously validate the significance of geometry-dependent trends observed in both

microhardness and grain-size evolution.

2.6. Surface roughness consideration

Surface roughness is commonly used as a primary indicator of laser polishing
performance. Numerous studies on LPBF-fabricated 316L stainless steel have
consistently reported significant reductions in surface roughness following laser
polishing, typically attributed to surface remelting and capillary-driven material
redistribution [11-14]. In the present work, the primary objective is not to quantify
surface finish improvement, but rather to investigate the influence of geometric
confinement on thermal behaviour and the resulting microstructure—property
relationship within internal features. Accordingly, the analysis focuses on
depth-dependent variations in microhardness and grain size as direct indicators of local
solidification behaviour. This approach enables a more fundamental understanding
of geometry-driven thermal effects, which cannot be captured solely through surface
roughness measurements. Therefore, while roughness reduction is an inherent
outcome of laser polishing, the present study emphasizes microstructural evolution
and mechanical response as more sensitive indicators of confinement-induced thermal

variations.

2.7. Thermal consideration and simplified model

To provide a physics-based interpretation of the observed microstructural and
mechanical variations, a simplified thermal analysis is considered. The energy input

during laser polishing can be described by the linear energy density:

P
T v-d

where P is the laser power, v is the scan speed, and d is the effective beam diameter.
Under constant processing parameters, variations in material response are primarily
governed by differences in heat dissipation conditions rather than changes in input
energy.

The cooling rate during solidification can be approximated as proportional to the
product of thermal gradient (G) and solidification velocity (R):

Cooling rate x G X R

In confined slot geometries, the thermal boundary conditions vary along the depth.
The lower region of the slot is in strong conductive contact with the surrounding bulk
substrate, providing an efficient pathway for heat extraction. This results in a higher
thermal gradient and, consequently, a higher effective cooling rate. In contrast, regions
closer to the slot opening experience reduced conductive coupling and partial exposure
to the surrounding environment, leading to comparatively lower thermal gradients and

slower cooling rates. These variations in cooling behaviour directly influence grain
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growth and hardness development, with higher cooling rates promoting finer grain
structures and increased hardness, consistent with the experimental observations. This
simplified model provides a mechanistic framework linking geometric confinement to

microstructure—property evolution during laser polishing.

2.8. Pre- and post-polishing measurement considerations

All microstructural and mechanical measurements in this study were performed
after laser polishing. The primary objective was to evaluate the effect of laser-induced
thermal processing on the material response within confined geometries. To
ensure consistency, all specimens were fabricated from the same LPBF build
under identical processing conditions, minimizing variability in the initial
microstructure.  Consequently, differences observed along the slot depth are
attributed to geometry-dependent thermal effects during laser polishing rather than
variations in the as-built condition. This approach is consistent with prior studies
investigating process-induced microstructural evolution in additively manufactured
materials, where controlled processing conditions allow isolation of specific variables
such as geometry and thermal boundary effects.

3. Results

3.1. Geometry-dependent thermal behaviour

Laser—material interaction within confined internal geometries differs
significantly from open-surface conditions due to variations in heat-transfer pathways.
The additively manufactured LPBF 316L specimen containing internal slots is shown
in Figure 2a, while a schematic representation of laser polishing within the slot
geometry is illustrated in Figure 2b. The slot walls, spaced 1-5 mm apart and
extending to a depth of approximately 10 mm, provide a controlled framework for
evaluating geometry-dependent thermal effects. Laser polishing was performed using
a continuous-wave fibre laser (A = 1,060—1,080 nm) at powers of 80-120 W and
scan speeds of 450—750 mm/s, with nitrogen shielding gas employed to stabilize the
melt pool and minimize oxidation. Within these confined geometries, the thermal
boundary conditions vary along the slot height due to differences in conductive
and environmental heat dissipation, as conceptually illustrated in Figure 3. The
lower region of the slot is in direct conductive contact with the surrounding bulk
substrate, providing an efficient pathway for heat extraction into the underlying
material. In contrast, regions closer to the slot opening experience reduced conductive
coupling and partial exposure to the surrounding environment, resulting in modified
heat dissipation characteristics. As a result, depth-dependent variations in cooling
behaviour are established during laser polishing. The lower region, which is more
strongly coupled to the bulk material, undergoes enhanced conductive heat extraction
and consequently higher effective cooling rates following laser interaction. Toward
the upper region, where conductive pathways differ, and environmental exposure
becomes more significant, the effective cooling rate is comparatively reduced. This

geometry-dependent variation in thermal extraction becomes more pronounced as slot
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width decreases, since narrower geometries restrict lateral heat flow and constrain
melt-pool dimensions. Consequently, the observed microstructural evolution and
hardness gradients along the slot wall are consistent with these depth-dependent
thermal conditions, confirming the strong influence of geometric confinement on
thermal behaviour during laser polishing.

Laser Beam Direction

Upper Region

Reduced conductive coupling
/ﬂ Lower cooling rate

Middle Region

\ Bottom Region
Enhanced conductive

heat extraction
— Higher cooling rate

Strong Conductive
Heat Extraction

(a) (b)

Figure 2. (a) Photograph of the additively manufactured LPBF 316L stainless steel specimen
containing internal slots used for laser polishing experiments; (b) Schematic illustration of
laser polishing within a narrow internal slot (1-5 mm width, ~10 mm depth), showing

geometry-dependent heat extraction during processing.

Note: The lower region of the slot is in direct conductive contact with the surrounding bulk substrate, promoting enhanced heat extraction
and relatively higher cooling rates following laser passage. Toward the slot opening, conductive coupling differs due to geometric
boundary conditions and environmental exposure, resulting in comparatively lower cooling rates. These depth-dependent variations
in thermal behaviour influence solidification conditions, grain evolution, and the resulting microhardness Gradient observed along the
polished slot wall.

Gaussian

Modified heat dissipation due to
Laser Beam

geometric boundary conditions
Lower cooling rate

Figure 3. Schematic representation of heat transfer during laser polishing inside a narrow

internal slot.

Note: The Gaussian laser beam generates a localized heat source along the slot wall. Due to geometric boundary conditions, heat
extraction varies along the slot depth. The lower region is in strong conductive contact with the surrounding bulk substrate, promoting
enhanced heat extraction and relatively higher cooling rates. Toward the slot opening, heat dissipation conditions differ due to altered
conductive pathways and environmental exposure, resulting in comparatively lower cooling rates. The isothermal contour bands
illustrate the depth-dependent thermal field established during processing.
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3.2. Depth-resolved microhardness gradient

To quantify the mechanical response associated with geometry-dependent heat
extraction, Vickers micro-indentation hardness (HV 5) measurements were performed
at three defined depths along the slot wall: the lower region (~1 mm from the
polished surface), the middle region (~5 mm), and the upper region (~10 mm).
Five independent indentations were obtained at each depth, and the mean values
with corresponding variability are presented in Figure 4. Across all slot widths
(1-4 mm), a consistent decrease in hardness with increasing height along the slot
wall was observed. For instance, in the 3 mm slot, hardness decreases from
approximately 271 HV in the lower region to about 249 HV in the upper region. Similar
depth-dependent trends are evident across the other geometries, indicating a systematic
and reproducible gradient in mechanical response. This behaviour is consistent with
the geometry-dependent thermal conditions described in Subsection 3.1. The lower
region, which is in stronger conductive contact with the bulk substrate, experiences
enhanced heat extraction and consequently higher effective cooling rates following
laser interaction. In contrast, regions closer to the slot opening exhibit comparatively
reduced cooling rates due to altered thermal boundary conditions. The observed
hardness variation is closely correlated with the corresponding grain-size differences
discussed in Subsection 3.3, where finer grains in the lower region are associated with
higher hardness, while coarser grains toward the upper region correspond to reduced
hardness. This relationship is consistent with established microstructure—property
principles governing solidification-controlled grain evolution. Overall, the results
demonstrate a clear and consistent relationship between slot geometry, depth position,
and microhardness evolution under constant processing parameters, highlighting the
significant influence of geometric confinement on local mechanical response during

laser polishing.
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Figure 4. Depth-resolved microhardness of the laser-polished slot wall measured at the lower

(~1 mm), middle (~5 mm), and upper (~10 mm) regions for slot widths of 1-4 mm.

Note: Error bars represent mean + standard deviation (n = 5). A consistent decrease in hardness with increasing height along the slot
wall is observed across all geometries. The lower region exhibits the highest hardness, followed by the middle and upper regions.
This systematic gradient is consistent with depth-dependent variations in cooling behaviour during laser polishing, where enhanced
conductive heat extraction near the lower region promotes comparatively higher cooling rates and finer grain structures, while regions
closer to the slot opening experience comparatively lower cooling rates and reduced hardness.
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The depth-resolved microhardness values summarized in Table 1 further confirm
the systematic variation in mechanical response along the slot wall. The lower region
consistently exhibits the highest hardness, followed by the middle and upper regions
across all slot widths. For example, in the 3 mm slot, hardness decreases from 271 HV
in the lower region to 249 HV in the upper region, consistent with the trend observed in
Figure 4. This depth-dependent behaviour is consistently observed for all geometries
presented in Table 1, indicating a robust and reproducible gradient in hardness along the
slot depth. The observed trend is closely linked to geometry-dependent heat extraction
during laser polishing. The lower region of the slot, being in strong conductive
contact with the surrounding bulk substrate, facilitates efficient heat dissipation and
consequently experiences higher effective cooling rates following laser interaction.
In contrast, regions closer to the slot opening exhibit reduced conductive coupling
and modified thermal boundary conditions, resulting in comparatively lower cooling
rates. These variations in cooling behaviour directly correlate with the grain-size
differences discussed in Subsection 3.3. According to Hall-Petch behaviour, finer
grain structures contribute to higher hardness, whereas coarser grains lead to reduced
hardness. Furthermore, the magnitude of the hardness difference between the lower
and upper regions (AHV = HV_lower — HV_upper) varies with slot width, as evident
from Table 1. Slots in the 1-3 mm range exhibit relatively larger AHV values compared
to the 4 mm slot, suggesting that intermediate geometries promote more pronounced
depth-dependent thermal gradients under the present processing conditions. This
observation reinforces the role of geometric confinement in governing local cooling

behaviour and mechanical response during laser polishing.

Table 1. Depth-resolved microhardness values (mean HV 5) for slot widths of 1-4 mm.

Slot width (mm) Lower HV Middle HV Upper HV
1 238 227 216
2 258 247 236
3 271 260 249
4 248 239 229

3.3. Microstructure evolution

Optical micrographs of the laser-polished slot walls reveal clear depth-dependent
variations in grain morphology. The specimens were prepared using standard
metallographic procedures, including grinding and diamond polishing, followed
by etching with aqua regia to delineate grain boundaries for quantitative analysis.
Grain-size measurements were carried out using Imagel, employing thresholding
and watershed segmentation techniques for accurate grain boundary detection and
area-based quantification. The results were further validated using the linear intercept
method in accordance with ASTM E112 standards, with good agreement observed
between the two approaches. As shown in Figure 5, the lower region of the slot
exhibits finer and more uniformly distributed equiaxed grains compared to the middle
and upper regions, whereas the upper region is characterized by comparatively coarser

grain structures. This systematic variation in grain morphology is consistent with the
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depth-dependent thermal behaviour described in Subsection 3.1. The lower region,
being in stronger conductive contact with the surrounding bulk substrate, facilitates
enhanced heat extraction and consequently experiences higher effective cooling rates
following laser interaction. In contrast, regions nearer the slot opening exhibit
reduced conductive coupling and altered thermal boundary conditions, resulting in
comparatively lower cooling rates. These differences in cooling behaviour directly
influence solidification dynamics and grain growth. Higher cooling rates in the lower
region promote grain refinement, while reduced cooling rates toward the upper region
allow for increased grain growth and coarsening. The observed microstructural trends
are therefore consistent with fundamental solidification principles governing thermally
driven microstructure evolution. Furthermore, the grain-size variation correlates
closely with the hardness trends discussed in Subsection 3.2. According to the
Hall-Petch relationship, finer grains contribute to increased hardness, whereas coarser
grains lead to reduced hardness. The combined microstructural and mechanical results
therefore establish a clear and consistent depth-dependent microstructure—property

relationship within the laser-polished slot geometry.
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LPBF-fabricated Laser polishing using Sectioning and Diamond polishing
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Figure 5. ImageJ-assisted grain segmentation of optical micrographs from the laser-polished
316L slot wall after metallographic preparation and aqua regia etching. (b) Schematic of
the workflow: LPBF fabrication, laser polishing, sectioning, metallographic and diamond
polishing, etching, optical microscopy, Image] segmentation, and Vickers microhardness
testing (HVg5).

Note: Figure 5a: The upper portion corresponds to the lower region (~1 mm from the polished surface), and the lower portion to the
upper region (~10 mm). Grain boundaries were identified using thresholding and watershed segmentation, and grain sizes were measured
using area-based methods, cross-validated by the linear intercept method (ASTM E112). Finer grains are observed in the lower region,
while coarser grains appear toward the slot opening, consistent with hardness variation (Figure 4) and Hall-Petch behaviour.
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3.4. Combined surface roughness and hardness evolution

A combined summary of representative surface roughness and microhardness
values before and after laser polishing is presented in Table 2. In the as-built
condition, the material exhibits relatively uniform hardness (=220-245 HVs)
along with moderate surface roughness values (=5.2—6.2 pm), which are typical for
LPBF-fabricated 316L stainless steel. Following laser polishing, a clear improvement
in surface quality is observed across all geometries, with roughness values decreasing
to approximately 1.9-3.4 um. This reduction is attributed to localized surface
remelting and capillary-driven material flow, which smoothens surface irregularities
formed during the additive manufacturing process. At the same time, a distinct
depth-dependent variation in hardness emerges after polishing. As shown in Table 2,
the lower regions exhibit increased hardness compared to the pre-polishing condition,
whereas the upper regions show comparatively lower hardness values. This indicates
that laser polishing not only enhances surface morphology but also modifies the
near-surface microstructure through remelting and subsequent solidification. While
the reduction in surface roughness is relatively consistent across different slot widths,
the variation in hardness is strongly influenced by geometry-dependent thermal
conditions. Enhanced heat extraction in the lower regions leads to higher cooling
rates and grain refinement, whereas reduced thermal dissipation near the slot opening
results in comparatively lower hardness. Overall, these results demonstrate that
laser polishing induces both surface and subsurface modifications. The inclusion
of pre-polishing baseline values confirms that the observed hardness gradients are a
direct consequence of geometry-dependent thermal effects during laser processing,

rather than variations in the initial material condition.

Table 2. Representative surface roughness (Ra, um) and microhardness (HV s) before and
after laser polishing.

Slot width Post-Ra Post-HV 5 Post-HV 5
Pre-Ra (um) Pre-HVs
(mm) (nm) (lower) (upper)
1 6.2+0.6 34+03 220+5 238 +4 216 £3
2 5.8+0.5 26+0.2 235+6 258 +5 236+ 4
3 55+0.5 1.9+0.2 245 +5 271+4 249 + 4
4 52+04 23+03 240+ 5 248 £ 4 229+3

4. Discussion

4.1. Mechanistic interpretation

The results clearly show that the mechanical response of laser-polished internal
slots is strongly governed by geometry-dependent thermal boundary conditions. During
laser polishing, localized surface remelting occurs along the slot wall, followed
by rapid solidification controlled by the available heat extraction pathways. This
remelting-driven process, rather than solid-state heating, is responsible for the observed
microstructural and mechanical evolution. For the slot geometries examined (1-4 mm
width and ~10 mm depth), the lower region of the slot remains in direct conductive
contact with the surrounding bulk substrate. This provides an efficient pathway for

12
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heat dissipation, leading to relatively higher cooling rates after laser interaction. In
contrast, regions closer to the slot opening experience reduced conductive coupling
and greater exposure to the surrounding environment, resulting in modified thermal
boundary conditions and comparatively lower cooling rates. The depth-resolved
hardness trends shown in Figure 4 reflect this behaviour, with hardness decreasing
consistently from the lower to the upper region. Correspondingly, the microstructural
observations presented in Subsection 3.3 reveal finer grains in the lower region and
coarser grains toward the upper region, which is consistent with cooling-rate-dependent
solidification. According to the Hall-Petch relationship, smaller grain sizes contribute
to increased hardness, establishing a direct link between thermal extraction behaviour
and mechanical response. The influence of geometry is further evident in the
variation of hardness with slot width. Slots in the 1-3 mm range exhibit relatively
larger hardness differences between the lower and upper regions, whereas the 4
mm slot shows a reduced gradient. This non-monotonic behaviour suggests that
intermediate slot widths provide a balance between conductive heat extraction into the
substrate and lateral heat dissipation along the slot walls under the present processing
conditions. The hardness difference between the lower and upper regions (AHV), as
shown in Figure 6, further highlights the geometry-dependent nature of the thermal
effects. Since laser power and scan speed were kept constant, these variations
can be attributed primarily to differences in heat dissipation conditions rather than
changes in processing parameters. Although direct thermal measurements were not
performed, the strong agreement between hardness trends and grain-size evolution
provides consistent indirect evidence of depth-dependent cooling behaviour. Overall,
these findings demonstrate that geometric boundary conditions play a critical role in
governing microstructure—property relationships during laser polishing of confined

internal features.

Hardness Gradient (AHV) vs Slot Width with Error Bars
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Figure 6. Variation of hardness difference (AHV = HV_lower — HV_upper) as a function of
slot width.

Note: Error bars represent propagated uncertainty from individual hardness measurements (mean =+ standard deviation). The hardness
differential remains relatively consistent for slot widths of 1-3 mm and decreases for the 4 mm slot. This behaviour indicates that
the magnitude of the depth-dependent hardness gradient is influenced by slot geometry under constant processing conditions. The
trend highlights the geometry-dependent nature of thermal effects during laser polishing without implying a strictly linear or monotonic
relationship.



Mechanical Engineering Advances 2026, 4(1), 4103.

4.2. Engineering relevance

The findings of this study are directly relevant to engineering applications
involving internal channels, narrow features, and complex three-dimensional
geometries. In biomedical engineering, laser-polished internal surfaces in implants
and surgical instruments require controlled surface integrity and consistent mechanical
response. Understanding how geometric boundary conditions influence cooling
behaviour during laser polishing provides a pathway for improving the reliability
and uniformity of internal surface properties. In microscale heat exchangers and
metal microfluidic systems, internal wall characteristics significantly affect flow
resistance, heat transfer efficiency, and structural durability. The present results
demonstrate that internal geometry can influence local microstructure and hardness
following laser polishing, highlighting the need to account for geometric confinement
during both design and post-processing stages.  Similarly, aerospace cooling
passages and additively manufactured turbine components operate under demanding
thermomechanical conditions, where internal surface integrity is critical. The observed
depth-dependent hardness variations indicate that geometry can influence local
solidification behaviour during polishing, potentially affecting component reliability
under service conditions. Recognizing such geometry—process interactions enables
more informed design strategies aimed at achieving either uniform properties or

intentionally graded material behaviour, depending on application requirements.

4.3. Innovation and impact

This study demonstrates that internal geometry can significantly influence
the mechanical response of laser-polished features, even when nominal processing
parameters are held constant. The experimentally observed depth-dependent gradients
in hardness and grain structure reveal a geometry—process interaction that has received
limited systematic attention in confined additively manufactured features. The
results show that geometric boundary conditions influence cooling behaviour during
solidification, thereby governing the resulting microstructure—property relationship.
Although direct thermal measurements were not performed, the strong correlation
between grain size and hardness supports a Hall-Petch-type interpretation of the
observed gradients. From a design perspective, these findings highlight the importance
of incorporating geometric effects into process optimization strategies for laser
polishing. Adjustments in feature dimensions or processing conditions may be used
to reduce property gradients or tailor local mechanical response based on application

requirements.

4.4. Comparison with existing literature

The observed hardness values (approximately 210-270 HV) and grain-size
ranges (=8-25 um) are consistent with previously reported data for LPBF-fabricated
and laser-processed 316L stainless steel [7, 10, 11]. Prior studies have shown that
higher cooling rates during laser processing promote grain refinement and increased
hardness, while reduced cooling rates lead to grain coarsening and lower hardness,

as supported by both experimental observations and numerical simulations of
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melt-pool behaviour [5, 7,38]. The trends observed in this study, finer grains and
higher hardness in regions with enhanced heat extraction, and coarser grains with
reduced hardness in regions of limited thermal dissipation, are in strong agreement
with established findings in laser-based additive manufacturing and post-processing
studies, where thermal gradients and solidification dynamics govern microstructure
evolution [4,26,38]. However, unlike most existing studies that primarily focus on open
surfaces, melt-pool cross-sections, or bulk material behaviour, the present work provides
direct experimental evidence of depth-dependent microstructure—property variation
within confined internal geometries. While previous investigations have explored
internal channel polishing and geometry effects, they have largely emphasized surface
quality rather than depth-resolved mechanical and microstructural gradients [2, 3, 15].
Therefore, this study extends current understanding by demonstrating that geometric
confinement introduces spatially varying thermal boundary conditions, which in turn
influence local cooling rates, grain evolution, and hardness. These findings reinforce
the importance of explicitly considering geometry-dependent heat-transfer effects
when interpreting and optimizing laser polishing processes for additively manufactured

components.

4.5. Dimensional and tolerance considerations

The laser polishing process in this study was conducted within a controlled
remelting regime, with process parameters carefully selected to minimize excessive
material removal and avoid geometric distortion. Throughout the experiments, no
noticeable macroscopic deformation or dimensional deviation was observed in the
polished slot geometries. This indicates that the process preserves the dimensional
integrity and tolerances of the internal features while modifying only the near-surface
microstructure. Consequently, the observed microhardness gradients and grain-size
variations can be attributed to thermally driven microstructural evolution rather than
any changes in geometry or dimensional instability. These findings confirm that
laser polishing can be effectively applied to confined internal geometries without
compromising dimensional accuracy. This is particularly important for engineering
applications requiring tight tolerances, such as aerospace cooling channels, precision

microfluidic systems, and biomedical components.

4.6. Effect of metallographic (diamond) polishing

The diamond polishing step employed in this study was performed solely for
metallographic preparation after sectioning the specimens. Its purpose was to obtain
a smooth, deformation-free surface suitable for accurate microstructural observation
and microhardness measurement. Importantly, this preparation step does not alter the
intrinsic microstructure generated by the laser polishing process. Since it is applied
after sectioning and does not involve thermal input or phase transformation, it does not
introduce microstructural modifications within the material. Therefore, the observed
grain morphology and hardness variations are representative of the actual laser-polished
condition and are not artefacts arising from sample preparation. This ensures that the
reported microstructure—property relationships accurately reflect the effects of laser
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polishing under the investigated processing conditions.

5. Limitations and future directions

Several limitations define the scope of the present study and also highlight
important directions for future research.

First, the experiments were conducted on straight rectangular slot geometries (14
mm width and ~10 mm depth). While this configuration effectively captures key aspects
of confined laser polishing conditions, real engineering components often incorporate
more complex internal features such as curved, tapered, or branched channels. Extending
the analysis to such geometries would provide a more comprehensive understanding
of geometry-dependent thermal behaviour and its influence on microstructure and
mechanical response.

Second, the mechanical response in this study was primarily evaluated
through microhardness and grain-size measurements. Although these metrics are
well-established indicators of near-surface strengthening and microstructural evolution,
additional characterization, such as fatigue performance, corrosion resistance, and wear
behaviour, would further enhance the application-level relevance of the findings.

Third, direct thermal measurements and numerical modelling were not included
in the present work. While the observed trends are supported by consistent
microstructure—property correlations, incorporating validated transient heat-transfer
simulations and in situ temperature measurements would enable quantitative prediction
of cooling rates and thermal gradients, thereby strengthening the mechanistic
interpretation.

Finally, the study was performed using a continuous-wave fibre laser within
a defined parameter range. Exploring alternative laser modes, scanning strategies,
and broader energy input conditions may offer additional opportunities to tailor
microstructure and mechanical properties within confined internal features. These
limitations do not detract from the central finding that internal geometry plays
a critical role in governing microstructure and hardness during laser polishing.
Instead, they establish a foundation for future work aimed at integrating experimental
characterization, thermal modelling, and application-driven design strategies for
advanced additively manufactured systems.

6. Conclusion

This study systematically investigated the influence of internal slot geometry on
the microstructural and mechanical response of laser-polished additively manufactured
316L stainless steel. For slot widths ranging from 1 to 4 mm and a depth of
approximately 10 mm, a clear depth-dependent microhardness gradient was observed,
with the lower regions consistently exhibiting higher hardness than the middle and
upper regions. These variations in hardness were found to correlate directly with
corresponding changes in grain morphology, where finer grains were observed in the
lower regions and comparatively coarser grains toward the slot opening. This behaviour

is attributed to geometry-dependent thermal boundary conditions during laser polishing,
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