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A B S T R A C T

Surface roughness remains a major concern in laser powder bed fusion (L-PBF), particularly in the context of
thin-walled components where dimensional accuracy and fatigue performance are highly sensitive to surface de-
fects. Although track energy density (TED) is known to influence surface quality, the underlying mechanisms re-
main poorly understood. In this work, a simplified geometry-based model is developed to explore the contribu-
tion of melt-pool geometry and sintered powder particles to surface roughness. The model relies on idealized
stacked melt-pool shapes and randomly distributed surface particles, and is calibrated using experimental obser-
vations from L-PBF samples processed at different TED values. While the arithmetic average roughness (Ra) is
commonly used to assess surface quality, this study emphasizes the relevance of additional parameters – Rp, Rv,
Rsk, and Rku – to better capture the morphological nature and statistical distribution of surface defects. Impor-
tantly, the results show that surface-adhered powder particles play a dominant role in shaping roughness, partic-
ularly at lower TED values. The model successfully reproduces experimental roughness trends and provides in-
sight into the origin of surface features. These results demonstrate how different roughness parameters reflect
specific surface morphologies and provide a framework for interpreting surface roughness beyond Ra in additive
manufacturing.

1. Introduction

A major issue in laser powder bed fusion (L-PBF) additive manufac-
turing (AM) processes is the as-built surface roughness, which can reach
very high values, with arithmetic roughness Ra exceeding 20 μm de-
pending on the process parameters [1]. Surface roughness is known to
be one of the main crack initiation origins under fatigue loading [2–9],
which is a major concern in aerospace and automotive applications
[10]. Indeed, the presence of valleys act as stress concentrators and pro-
mote early initiation of fatigue cracks [11,12]. It also tends to increase
part inaccuracy [13,14], especially for very thin structures such as heat
exchangers and lattices [15,16]. Surface roughness of L-PBF parts has
thus been extensively studied, in particular for the main aerospace al-
loys processed by L-PBF, such as AlSi10Mg [1,9,13,17–19], Ti6Al4V
[20], stainless steel 316L [21–23] and nickel-based superalloys
[24–26]. Across these studies, a common approach to improve surface
quality in L-PBF is to separate contour and core scan strategies and ap-
ply a higher track energy density (TED) to the contour regions. In most
of these studies, Ra or its surface equivalent Sa are the surface amplitude
parameters used [27]. Most of these studies rely on empirical ap-

proaches in which process parameters such as laser power, scan speed,
layer thickness or scanning strategy are experimentally varied in order
to minimize the arithmetic roughness Ra. While these works success-
fully identify processing windows leading to lower surface roughness,
they generally provide limited insight into the underlying mechanisms
governing surface morphology and how other roughness parameters
evolve in response to these process variations. As a result, the evolution
and physical interpretation of additional roughness descriptors such as
Rp (peaks), Rv (valleys), Rsk (skewness) and Rku (kurtosis) remain rarely
discussed in the context of L-PBF surfaces.

Ra only provides information about the mean surface height and
therefore cannot fully describe the morphology of the surface profile
or the nature of the surface defects generated during the process. Pa-
rameters such as Rsk and Rku, which are widely used in conventional
surface metrology [28–30], provide complementary information on
the asymmetry and statistical distribution of surface heights. These
descriptors therefore help to distinguish between surfaces dominated
by peaks, valleys, or isolated surface features. Such information is
particularly relevant for L-PBF surfaces, which typically exhibit com-
plex morphologies resulting from the layer-by-layer nature of the
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process and the presence of partially sintered powder particles. These
surface features may influence the functional behaviour of compo-
nents, for instance by promoting stress concentrations at surface val-
leys, affecting contact conditions, or modifying fluid–surface interac-
tions in heat exchangers. Surface roughness also mainly affects how a
component interacts with its environment and how it is used in prac-
tice. For instance, roughness may influence stress concentrations at
the surface, fluid flow behaviour, contact conditions, or accessibility
for post-processing. This aspect is particularly relevant for LPBF com-
ponents, which are often designed as complex geometries such as in-
ternal channels, lattice structures or heat exchangers, where machin-
ing or surface finishing may be difficult or impossible. In such cases,
the functional behaviour of the component can depend strongly on
the statistical characteristics of the surface profile. The purpose of this
work is to better interpret how different roughness parameters relate
to the geometrical characteristics of LPBF-generated surfaces.

In order to address this issue and provide a better understanding of
how standard surface amplitude parameters measured on L-PBF parts
evolve with process parameters and surface features, a geometrical
model validated against experimental measurements has been devel-
oped in the present work. The objective is to establish a direct link be-
tween measurable roughness parameters and the underlying surface
morphology generated during the L-PBF process.

Roughness of L-PBF samples is a topographical measurement of the
solidified melt-pool on the sides of the samples and is thus very sensi-
tive to melt-pool morphology [1,9]. Fig. 1 presents a cross-section of
one single wall track (SWT, stacked melt-pool wall) made of AISi10Mg
and illustrates the main contributions to roughness. A background
roughness is expected due to the stratification (layer by layer process)
which is inherent to the L-PBF process, leading to the so-called “stair-
case effect” when the building angle is larger than 0° [17,31]. This

Fig. 1. Optical microscopy image of AlSi10Mg SWT cross-section after polish-
ing and chemical etching, showing factors contributing to the roughness (strat-
ification and sintered powder). Balling conditions here induce a large melt-
pool size discrepancy, increasing the roughness, whereas the layer thickness is
constant (30 μm). The whitish narrow bands are the coarse microstructure
zones, corresponding to the bottom of each melt-pool. Yellowish parts are the
fine microstructure zones, corresponding to the core of each melt-pool. Z is the
building direction.

background roughness strongly depends on melt-pool instabilities and
melt-pool size. On one hand, balling phenomenon (too low input en-
ergy) can induce large melt-pool size fluctuations (Fig. 1) [32–34], in-
creasing the impact of the stratification. On the other hand, keyholing
conditions [35,36] (too high input energy) can induce very large melt-
pools thus limiting the stratification but leading to porosities [1].
Process parameters are generally chosen in a process window ensuring
stable melt-pools with limited porosities [37,38]. Stratification will
then contribute to roughness through the radius of curvature of the so-
lidified melt- pools and will then depend on the material, on the TED
and on the thickness of the layers selected for L-PBF manufacturing
[24]. Roughness can also be increased due to the sintering of powder
particles on the sample surfaces occurring during the manufacturing
(Fig. 1). Spatters can also impact the roughness but are less prone to ap-
pear on vertical surfaces [39]. There are thus mostly two kinds of con-
tribution increasing the roughness: the stratification and the sintered
powder. Roughness due to stratification will be referred as primary
roughness while roughness due to sintered powder particles will be re-
ferred as secondary roughness.

2. Materials and methods

2.1. Theoretical background about roughness

The most relevant surface texture parameters used in this work are
detailed hereafter (from ISO 4287 standard), where is the evaluation
length (also noted ln, i.e. the profile length) and Z(x) is the profile
height centered around its mean line:

Ra: roughness average, the arithmetic average of the absolute values
of the profiles.

(1)

Rp: the maximum profile peak height, which is the mean of the max-
imum distance between the highest profile point and the mean line,
computed on five sampling lengths (lr), where .

Rv: the maximum profile valley depth, which is the mean of the
maximum distance between the lowest profile point and the mean line,
computed on five sampling lengths.

Rq: the root means square roughness average, defined as

(2)

Rsk: the profile skewness, a measure of the asymmetry of the profile
about the mean line, defined as

(3)

Rku: the profile kurtosis, a measure of the distribution flattening of
the profile, defined as

(4)

ADF: the profile Amplitude Distribution Function.
Ra, Rp, and Rv are related to the surface height elevation. Rp and Rv

give the maximum peak height and valley depth of a profile. Rp (Rv) in-
creases proportionally to the height (depth) of the peak (valley).
Rp > Rv implies a peak-type profile, Rp < Rv indicates a valley-type
profile and Rp = Rv means an equal number of peaks and valleys. Rq is
the standard deviation of the profile height around the mean line and
is used to normalize the skewness and the kurtosis. Rsk and Rku are
linked to the shape of the amplitude distribution function (described in
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the next paragraph and illustrated in Fig. 2). Rsk indicates whether the
roughness is dominated by peaks (Rsk > 0) or by valleys (Rsk < 0).
Rku quantifies deviations in surface roughness compared to a Gaussian
distribution, which serves as a reference with a kurtosis of 3—a funda-
mental statistical property. Note that Rsk of a Gaussian distribution is
0. A surface with Rku = 3 follows a normal height distribution, while
Rku < 3 indicates a more uniform, plateau-like topography, and
Rku > 3 signifies pronounced peaks and valleys. In practice, natural
roughness rarely exhibits Rku ≤ 2, as this would require an exception-
ally uniform distribution of heights, typically observed in finely ma-
chined or polished surfaces. Rku can typically reveal if there is an
anomaly in the surface height distribution (Rku ≫ 3).

The amplitude distribution function (ADF) gives the probability to
find material at a given height of a specific profile and can be repre-
sented as a curve or as a bar plot. ADF is computed by taking the deriva-
tive of the material ratio curve (Abbott-firestone curve), which is the
evolution of the bearing length ratio (Rmr(c)) as a function of a cut level
(Fig. 2). As illustrated in Fig. 2, c is the distance, from the maximum

profile height and toward the minimum profile height, at which a bear-
ing length is computed. The bearing length is the total length of mater-
ial exceeding the profile height of a specific cut level (Ic1 + lc2 in Fig.
2). Rsk and Rku also give information about the shape of the ADF and
thus indicate how the material is distributed over the profile height.
The skewness indicates how asymmetric the ADF is around the profile
mean line. A positive (negative) Rsk means that most of the material lies
below (above) the profile mean line, indicating a peak-type (valley-
type) profile.

The kurtosis indicates how sharp or broad the width of the ADF is
and indicates if the material is homogeneously distributed over the pro-
file height (Rku < 3) or not (Rku > 3). All the parameters selected in
this work (Ra, Rp, Rv, Rsk, Rku and ADF) are surface height parameters
and give information about profile height deviation.

2.2. Manufacturing of the SWT samples

AlSi10Mg Single wall tracks (SWT) were processed by L-PBF with a
ProX® DMP 200 (3D Systems Inc.) machine with a laser operating at
1075 nm, a spot size of 70 μm and a 275 W maximum power (Pmax).
SWT consist of 15 mm-high and 10 mm-wide walls, formed by stacked
melt pools, resulting in a thickness corresponding to a single melt pool.
Gas atomized AISi10Mg spherical powder was provided by TLS Tech-
nik, with D10, 50, and 90 values of 11, 26, and 46 μm, respectively. The
layer thickness (L) was fixed at 30 μm for all samples. The building
plate, made of Al5Mg, was a 141 mm × 141 mm × 15 mm square and
was not heated during the L-PBF process, remaining around room tem-
perature. L-PBF was conducted under an argon atmosphere, maintain-
ing a residual oxygen concentration below 500 ppm. Samples were
built directly on the substrate without support structures, and no post-
processing treatments were applied. The track energy density (TED),
defined as the laser power divided by the scan speed, was varied be-

tween 250 and 700 J/m. SWT were processed at a fixed scan speed of
400 mm/s, with laser power ranging from 40% to 100% of Pmax. Each
layer was produced using a single laser track corresponding to a single
line exposure. The scanning direction alternated between layers follow-
ing a back-and-forth strategy.

2.3. Roughness analysis

Roughness analyses were conducted using a Keyence VHX-7000 dig-
ital microscope in accordance with the EN ISO 13565-1 standard. Each
sample was examined at a magnification of ×200. A traverse length of
15 mm was then measured on each sample to calculate the roughness
parameters. The traverse length was taken following the Z-direction
(see Fig. 1) perpendicular to the melt pools and divided into five sam-
pling lengths of 2.5 mm each, with a start-up and run-off length of half
the long wavelength cut-off (λc/2). The cut-off for short wavelengths
(λs) was set to 8 μm, and for long wavelengths (λc) at 2.5 mm. Subse-
quently, the following roughness parameters were computed: Ra (arith-
metic roughness), Rp (maximum peak height), Rv (maximum valley
depth), Rsk (skewness), and Rku (kurtosis) (refer to Section 2.1). Each
sample was measured 4 time on four different traverse lengths.

2.4. Geometrical characterization of SWT samples

All the samples were then cut in half, mounted and polished down to
1 μm. A chemical etching was performed with a Keller's reagant to re-
veal the microstructure. The melt-pool size and the real layer thickness
(L) of each sample were measured with a Keyence VHX-7000 digital mi-
croscope. For SWT samples, the melt-pool size is the sample thickness
and is equal to 2R (R = radius). L is considered as the distance between
two successive melt-pools in the build direction and is measured as the
distance between two heat-affected zone (HAZ). For each sample, 15
data points were recorded for both the melt-pool size and L with a
×300 magnification. In the following, measured thicknesses will be
compared to Rosenthal equation [40]:

(5)

where = 308.15 K is the initial temperature (building plate),
[W] the input power where is the laser power and = 0.32

the material absorptivity, = 110 W/mK the thermal conductivity,
[m/s] the laser scanning speed, [m2/s] the thermal diffusivity
in which = 2670 kg/m3 is the material density and = 915 J/kg K
the specific heat, = is the laser scan direction ( = laser scan
speed and the time), and is the distance from the power source de-
fined as . Materials properties are extracted from [41]
but may vary depending on the sources. The input power and the laser
scan speed are given in the manufacturing section. This equation gives

Fig. 2. Schematic showing how the amplitude distribution function (ADF) is generated. The mean line is the mean of the profile height. The cut level ranges from the
maximum profile height to the minimum profile height. The profile height Z ranges from the minimum profile height to the maximum profile height.
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the shape and size of a melt-pool (at T(R) = Tf = 849 K, the melting
point of the material) depending on input energy and material proper-
ties given a few hypotheses [39]: heat flow is steady-state, heat source
has a point-like shape, no heat is associated to melting, the thermal
properties are constant, no heat losses from the surface and no convec-
tion in the melt-pool. This simplified model, despite its restrictive as-
sumptions, is still well in agreement with experimental observations
and is often used in geometrical models of the L-PBF process [41–44].
It should be noted that the Rosenthal solution was originally derived
for a moving heat source in a semi-infinite bulk medium. In the case of
thin-walled structures, lateral heat dissipation is significantly reduced
due to the limited surrounding material, which can lead to larger melt
pools than those predicted by the classical formulation. Nevertheless,
the Rosenthal model is retained to emphasize that melt-pool dimen-
sions in thin-walled geometries may significantly differ from those typ-
ically observed in bulk LPBF structures. Particle size and spatial density
were estimated from SEM observations of adhered powder particles on
LPBF side surfaces.

3. Model description

During the L-PBF process of single-wall tracks or the contours of thin
walls, the latest solidified melt-pool cross-section (i.e., the top melt-
pool) has a shape that can be approximated by a circle (Fig. 1). During
the processing of the next layer, the previous melt-pool is partially re-
melted, leaving a new half-circle melt-pool on top of it. The remaining
side-part of the re-melted previous layer becomes part of the profile.
This process is repeated over and over, leading to a stratification effect.
The model described here is developed based on these observations.

Fig. 3 presents the model, which aims to study the effect of stratifi-
cation on surface roughness. Profiles are generated by stacking circles,
as illustrated in Fig. 1, mimicking the approximate stacking of melt-
pools. While in reality, melt-pools are not perfectly circular, the re-
maining side-part that contributes to surface roughness can still be rea-
sonably approximated by a small circular arc. This assumption, though
slightly different from the actual geometry, captures the essential
roughness formation mechanism. Embedded circles lead to roughness
profiles similar to those observed experimentally. The spacing between
each circle corresponds to the layer thickness of the L-PBF process, and
the circle radius corresponds to the melt-pool radius. To account for
melt-pool instabilities and experimental uncertainties, stochastic varia-
tions are introduced in the layer thickness and melt-pool radius for
each circle. Two situations can thus be studied: “ideal cases” where er-
rors = 0, and “realistic cases” where errors ≠ 0.

Sintered particles are modeled as small circles added to the profiles,
as illustrated in Fig. 3. Most L-PBF powders used today are produced by
atomization and are nearly perfectly spherical. The effect of particle
size (diameter) and density (number of particles per unit length, ex-
pressed in millimeters) on the profile can thus be studied. Sintered par-
ticles are spaced at regular intervals, with minimal penetration into the
profile to represent a worst-case scenario. The effect of powder can be
analyzed in both ideal and realistic cases.

The model produces thus profiles, which are analyzed, as the experi-
mental data, with the ISO 4287 standard. The most relevant surface tex-
ture parameters (Ra, Rp, Rv, Rsk, Rku, and ADF), described in Section 1,
were selected to characterize roughness. The length of the generated
profiles was chosen according to the ISO 21920 standard. The traverse
length is fixed at 15 mm (lt), and the evaluation length (ln) is fixed at
12.5 mm, corresponding to approximately 400 melt-pools or stacked
circles. This evaluation length is divided into five segments, leading to a
sampling length (lr) of 2.5 mm.

This model allows the study of process instabilities, such as melt-
pool size and layer thickness variations, and their effect on surface
roughness. Since the melt-pool size is directly linked to TED, the model
can also be used to investigate the impact of TED on roughness. Addi-
tionally, the influence of sintered powder characteristics (size and den-
sity) can be analyzed. In total, six parameters are considered:

• R: melt-pool radius
• ΔR: melt-pool radius variation
• L: layer thickness
• ΔL: layer thickness variation
• Sintered particle density
• Sintered particle size

The model was implemented in MATLAB® (version R2021a, The
MathWorks, Natick, MA, USA). First, the center position of each circle
representing the melt-pool cross-section is computed along the build di-
rection. The horizontal position of the ith melt-pool center is defined as

(6)

where Li corresponds to the layer thickness. Li is equals to L if the layer
thickness is constant. Then, for each center position, a circular melt-
pool profile is generated using the equation of a circle of center xi and
radius Ri where Ri represents the melt-pool radius associated with the
ith melt-pool. The upper half of the circle is considered, since it repre-
sents the material surface after solidification:

Fig. 3. Schematic representation of the roughness model. Stacked melt-pools are modeled by stacking circles. The layer thickness is the distance between the center of
two circles and the radius of circles represent the melt-pool size.
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(7)

To introduce random variability in the model, perturbation terms
were generated using the MATLAB function rand providing a random
number between 0 and 1, following the expressions

(8)

(9)

Where L and R are the nominal thickness layer and radius. This ensures
a uniformly distributed random variation within the ranges [−ΔL, ΔL]
and [−ΔR, ΔR] around the nominal values of R and L, respectively. The
overall surface profile is then constructed by taking the upper envelope
of all melt-pool sections (Fig. 3):

(10)

In the following, the subscript p refers to quantities associated with
adhered powder particles. Let l be the profile length and ρp the pre-
scribed particle surface density (particles per mm). The total number of
particles Np introduced along the profile is defined as

(11)

Assuming a regular spatial distribution along the profile, the hori-
zontal spacing between two consecutive particles is given by

(12)

The horizontal position of the center of the jth particle is therefore

(13)

Each particle is assumed to rest on the local surface profile. If rp,j de-
notes the particle radius, the vertical position of the particle center is
defined as

(14)

Each adhered particle is then represented by a circle, whose equa-
tion is

(15)

Similarly to the melt-pool construction, the final surface profile Z(x)
is defined as the upper envelope of all geometrical contributions, in-
cluding both melt-pool geometries and adhered particles:

(16)

To validate this model, all these parameters were experimentally
measured on manufactured samples. The obtained values were then
used as inputs in the model to generate theoretical roughness parame-
ters. These theoretical values were subsequently compared with the ex-
perimentally measured roughness parameters from the corresponding
samples.

4. Model parameterization

To determine appropriate values for the six model parameters and
validate the model, single-wall tracks (SWT) were fabricated (see
Section 2) and experimentally characterized. The experimental mea-
surements were used to constrain the model parameters so that the sim-
ulated profiles reproduce the characteristic profile heights and surface
features observed in the SWT experiments. Fig. 4 presents all SWT
cross-sections. The SWT thickness increases with TED, and a keyholing
mode seems to appear at 481 J/m.

Fig. 4. Cross section of SWT made with different track energy density (TED).
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Fig. 5 shows the measured melt pool size and layer thickness as a
function of TED. Notably, Rosenthal's equation accurately predicts the
melt pool size only at low TED values. However, this prediction can be
improved by adjusting the absorptivity. The deviation observed in the
measurements compared to Rosenthal's model corresponds to the tran-
sition between conduction and keyhole regimes. The latter induces
higher absorptivity, thereby increasing the melt pool size, an effect that
is not accounted for in Rosenthal's formulation. In addition, Rosenthal's
model assumes heat conduction in a semi-infinite medium, whereas in
the case of single wall tracks (SWT) the finite wall thickness limits heat
dissipation and alters the thermal field. In other words, the reduction
from an idealized infinite domain to a finite geometry is not captured
by the analytical solution. Most of the melt pool width measurements
exhibit a standard deviation between 10 and 20 μm.

The layer thickness, defined as the distance between two repetitive
features (bottom of the melt pool in this case) along the build direction,
is around 42 μm with a standard deviation of 12 μm for most samples
(Fig. 5b). It increases slightly as TED decreases. The sudden increase ob-
served below 412 J/m is attributed to melt pool instabilities, as illus-
trated in Fig. 4.

Characterizing the size and spatial density of adhered powder parti-
cles is more challenging than for the other geometrical features consid-
ered in this study. Both parameters are highly heterogeneous along the
surface, as particle adhesion depends on the local surface morphology
and on the process parameters (Fig. 6). As a result, the spatial distribu-
tion of particles is irregular and varies locally along the measured pro-
files.

Fig. 5. (a) Melt-pool width, compared with Rosenthal's equation (dashed
curve), and (b) layer thickness of SWT made with different TED.

To keep the geometrical model tractable and to limit the number of
independent variables, this complexity was simplified in the simula-
tions. Adhered particles were therefore represented using a single rep-
resentative particle diameter and a constant spatial spacing along the
surface profile. This approach allows the influence of particle size and
particle density on the resulting roughness parameters to be isolated
while keeping the model physically interpretable.

Nevertheless, in order to remain consistent with the actual surface
morphology, a quantitative assessment was performed based on SEM
observations to obtain realistic orders of magnitude for both particle
size and particle density. The SEM images reveal that adhered particles
typically range from a few micrometers to approximately 40 μm in di-
ameter, which is consistent with the original powder size distribution
used in this study (see Section 2.2). A slightly higher proportion of
larger particles was qualitatively observed on samples processed at
lower track energy densities (TED). In addition, particle density was
roughly estimated by manually counting adhered particles along sev-
eral surface segments of approximately 1 mm in the SEM images. These
observations suggest a typical particle density between 3 and 7 parti-
cles/ml.

Within these experimentally observed bounds, the selected values
were chosen so that the simulated profiles reproduce the overall rough-
ness levels measured experimentally while remaining consistent with
the particle sizes and densities observed in the SEM images. The values
used in the simulations were therefore selected within this experimen-
tally observed range: the particle density was set to 7 particles/mm for
the 275 J/m sample and to 5 particles/mm for all higher TED condi-
tions. Similarly, representative particle diameters were chosen to re-
main consistent with the sizes typically observed on the surface, leading
to values of 30 μm for 275 J/m, 23 μm for 344 J/m, 13 μm for 412 J/
m, and 11 μm for higher TED values. These values reflect the typical
particle sizes and surface coverage observed on the studied samples
rather than the exact characteristics of a specific profile.

While this approach introduces a limited degree of parameter ad-
justment, it allows the model to remain both interpretable and repre-
sentative of the underlying process physics. Rather than reproducing in-
dividual measured profiles, the objective is to construct a generative
and physically motivated model capable of reproducing the average
surface characteristics observed across multiple samples. Using repre-
sentative values for particle size and density is therefore consistent with
the experimental procedure, which itself relies on averaged roughness
measurements obtained from three profiles per condition.

Fig. 6. SEM images of the side surface for (a) 481 J/m and (b) 344 J/m, illustrating the presence and typical size range of adhered powder particles.
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The distribution of particles, coupled with melt-pool variability, re-
produces realistic surface profiles while avoiding overfitting. Fig. 7
compares experimental measurements (minimum and maximum
bounds of the experimental measurements are provided in grey) with
theoretical predictions obtained using the above parameters. The
model captures both the trend and the absolute values of all five rough-
ness indicators. Ra decreases as TED increases and stabilizes at 550 J/m
(Fig. 7a). Both Rp and Rv follow a similar trend (Fig. 7b), while Rsk and
Rku progressively shift toward (0;3), corresponding to a Gaussian-like
distribution. Although the model simplifies several aspects of the L-PBF
process, it successfully reflects the key characteristics of roughness evo-
lution in ultra-thin walls.

5. Results

In the following section, the model is used to explore different sce-
narios. Fig. 8 presents several examples of profiles generated for the
various studied cases. First, the model is applied to ideal conditions
(Fig. 8a), meaning no perturbations are introduced in the melt-pool size
(R) or the layer thickness (L). These conditions establish the lowest
roughness level achievable solely due to stratification. “Ideal cases”
also help isolate the primary effects of TED and layer thickness (Fig. 8a)
on profile topography and, consequently, on roughness. Next, the
model is used to assess the influence of sintered particles (Fig. 8b) on
roughness parameters. By relying on “ideal cases,” the intrinsic effect of
particle size and density can be isolated and analyzed. Finally, “realistic
cases” are investigated. First, the effect of layer thickness variations
(ΔL) is examined (Fig. 8c). Then, melt-pool instabilities are introduced
by adding random fluctuations to the melt-pool radius (ΔR, Fig. 8d).
The combined effect of sintered particles and process instabilities is also
studied (Fig. 8e and f) to evaluate their impact on roughness parame-
ters.

To assist in the interpretation of the simulated surface morpholo-
gies, the results are also represented using Rp–Rv and Rsk–Rku parameter
maps. These paired representations allow complementary aspects of the
height distribution to be examined simultaneously: Rp and Rv reflect the
relative contributions of peaks and valleys, while Rsk and Rku describe
the asymmetry and sharpness of the height distribution (occurrence of
isolated peaks or deep valleys within the height distribution). Such
combined representations are commonly used in surface characteriza-
tion studies to highlight morphological trends that may be less apparent
when considering each parameter independently.

However, interpreting Rsk–Rku diagrams can be less straightforward,
as the numerical values of these higher-order parameters are generally
less intuitive than commonly used amplitude parameters such as Ra, Rp,
or Rv. To facilitate their interpretation, the figures include a horizontal
line at Rku = 3 and a vertical line at Rsk = 0, corresponding to the ref-
erence case of a Gaussian height distribution. These reference lines pro-

vide a visual guide to assess how the simulated surface profiles deviate
from, or progressively approach, a Gaussian distribution.

5.1. Ideal cases

5.1.1. Effect of TED and layer thickness
Studying ideal cases highlights that a background roughness will al-

ways persist in L-PBF due to the stratification induced by the melt-pool
geometry. This defines the lowest theoretical roughness level achiev-
able with this technique. While stratification may be barely visible to
the naked eye when using small layer thicknesses [13], it remains rele-
vant to characterize it.

Fig. 9 illustrates how roughness evolves with TED for two different
layer thicknesses. The melt-pool size, which increases with TED, is de-
rived from experimental data (Fig. 5). Ra clearly decreases as TED in-
creases, meaning that a larger melt-pool size results in lower rough-
ness. This effect is less pronounced for a 30 μm layer thickness than for
a 90 μm layer thickness. Indeed, with a 30 μm-thick layer, the residual
melt-pool curvature is minimal compared to a 90 μm-thick layer (Fig.
8a), limiting the impact of increasing melt-pool size. The Ra level
achieved with L = 30 μm is particularly low (around 0.3 μm), repre-
senting the minimum Ra attainable under ideal L-PBF conditions for
this layer thickness. This limit rises significantly with increasing layer
thickness but remains relatively small, even in the worst-case scenario
here (3.5 μm max at 275 J/m and L = 90 μm).

For both layer thicknesses, Rv consistently exceeds Rp and decreases
with increasing TED. This indicates that the profiles are valley-type
(with more material above the mean line) and that higher TED values
lead to profile flattening. This is confirmed by a Rku < 3, decreasing to-
ward 2. Rsk further confirms that all profiles exhibit a valley-type mor-
phology, as Rsk remains systematically negative. With Rku values be-
tween 2 and 3, the amplitude distribution function (ADF) is flatter than
a normal distribution. In this context, neither TED nor layer thickness
significantly affects Rsk and Rku. Examples of ADFs are provided in Fig.
10. The material distribution and ADF shapes are similar across the pro-
files analyzed here, which explains the limited impact of TED and layer
thickness on Rsk and Rku. ADF clearly shows that profile height values
are homogeneously distributed over the whole profile height with an
increasing distribution for the higher heights. This gives the combina-
tion of Rsk < 0 and Rku < 3, characteristic of a smooth valley profile.

5.1.2. Effect of sintered particles
The intrinsic effect of sintered particles is analyzed at a fixed melt-

pool size (R = 160 μm) and a fixed layer thickness (L = 30 μm). Fig.
11 illustrates how roughness evolves with varying sintered particle den-
sities and sizes. The impact on Ra follows a clear trend: increasing the
density of sintered powder raises Ra, and larger sintered particles fur-
ther amplify this effect. While 10 μm particles have a limited influence,

Fig. 7. Comparison between experimental measurement (grey surface) and model data (black curve).
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Fig. 8. Profiles generated by the model where R = melt-pool radius, L = thickness layer, ΔR = errors on R, ΔL = errors on L. (a) Ideal cases and (b) ideal cases
with sintered particles with R = 160 μm. Realistic cases with (c) ΔL only varying and two different R, (d) ΔR only vary and two different R, with L = 30 μm, (e)
ΔR + particles (5/mm) with R = 160 μm and L = 30 μm, (f) ΔR + particles (20 μm) with R = 160 μm and L = 30 μm.
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Fig. 9. Effect of TED for two different layer thicknesses, in ideal case. Arrows in Rp/Rv and Rsk/Rku maps follow the increasing TED.

Fig. 10. Two ideal profiles (a) and their respective ADF and Abbott-Firestone curves (b). R = 160 μm. Abbott-Firestone curves and ADF of both cases overlap.

the effect becomes significant with 20 and 30 μm particles. As a refer-
ence, most commercial powders fall within the 10–60 μm range.

The Rp-Rv map reveals that adding sintered particles shifts surface
profiles from valley-type to peak-type (Fig. 11b). However, beyond a
critical sintered particle density, the particles are so closely packed that
they form valleys instead of peaks (see Fig. 8b for a density of 15/mm
and 30 μm particles). At this point, Ra reaches a maximum and then
starts decreasing as sintered particle density increases further (Fig.
11a). While larger particle sizes significantly increase Rp, they have lit-
tle effect on Rv—except at very high densities. Conversely, increasing
particle density moves Rp closer to the Rp = Rv line. This is due to the
reduced spacing between particles, which decreases primary roughness
and results in surface profiles primarily shaped by the sintered particles
themselves, ultimately forming a valley-type profile (Fig. 11b, last point
at 24 mm−1). This transition corresponds to the Ra peak in Fig. 11a or
the point where Rsk turns negative (Fig. 11c).

When sintered particles are present, Rsk remains posi-
tive—confirming peak-type profiles—but decreases as particle density
increases (Fig. 11c). As discussed above, when the particle density be-
comes too high, profiles transition from peak-type (Rsk > 0) to valley-
type (Rsk < 0). In all cases, Rku initially spikes with the addition of a

small amount of sintered powder on the flat background. This is due to
the huge difference between profile height brings by the sintered parti-
cles and the primary roughness. Rku is a great indicator to highlight pro-
file “anomaly”. This can also be seen through the highly irregular Ab-
bott-Firestone curves and ADF distributions in these conditions (Fig.
12).

Indeed, amplitude distribution functions (ADF) clearly highlight
two distinct roughness contributions: the primary one from melt-pool
stratification and the secondary one from sintered particles. Both con-
tributions are also well identified in the Abbott-Firestone curves (the
kink in the curves). At a density of 4/mm, the height distribution along
the ADF axis is highly inhomogeneous (Fig. 12b), with particles gener-
ating extreme profile heights compared to the primary roughness (back-
ground). Since these peaks remain isolated, their proportion relative to
the background is low, resulting in a high Rku, which is sensitive to ex-
treme values. Indeed, although particles represent only a small fraction
of the ADF, they are the primary contributors to the profile height (Fig.
12b). As particle size or density increases, the contrast between these
two contributions diminishes. At 12/mm, the elevated regions associ-
ated with particles become more frequent, and the height distribution
between particles and background is more balanced, leading to a lower

9
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Fig. 11. Effect of particle size and density on ideal profiles. R = 160 μm and L = 30 μm. Dashed arrows indicate the increasing particle density.

Fig. 12. Ideal profiles with particles of 20 μm (a) and their respective ADF and Abbott-Firestone curves (b). R = 160 μm and L = 30 μm. PH = profile height.

Rku. The addition of sintered particles on a smooth surface significantly
impacts amplitude parameters, particularly Rsk and Rku, by altering the
overall height distribution.

5.2. Realistic cases

5.2.1. Effect of layer thickness variation
Fig. 12 shows how roughness parameters change by adding an error

(ΔL) on the thickness layer (L), for two melt-pool sizes. The layer thick-
ness is set at 30 μm. The impact of ΔL is rather small. Ra slightly in-
creases by increasing ΔL but remains below 2 μm in the worst case.
Fig. 8c indeed shows that the profiles are rather flat, whatever the pa-
rameters (R or ΔL). ΔL does not have an impact on Rp but greatly in-
creases Rv. Fig. 13a indeed show that increasing ΔL increase the size of
the valley between two melt-pool. Rsk becomes more negative as the
valley-like characteristic is accentuated. ADF and Abbott-Firestone
curves clearly show that the material is mostly distributed on the top of
the profile height. Rku increases a lot because an increasing ΔL leads to
an excessive concentration of material at the top of the profile, as
shown by the ADF (Fig. 13b). Indeed, a ΔL = 60 μm induces that 3%
of the highest profile heights contribute to 50% of the total distribu-

tion. The irregular spacing between melt pools become thus sharper
and deeper valleys, increasing Rku (Fig. 14, ΔL = 10 μm vs
ΔL = 60 μm).

5.2.2. Effect of melt-pool size variation
Fig. 15 illustrates the effect of melt-pool radius variation (ΔR) on

roughness parameters. The trends observed for ΔR follow the same
pattern as those for ΔL, indicating a similar influence of both para-
meters. However, Ra increases more rapidly with ΔR than with ΔL.
This is evident in Fig. 8c and d, which depict similar profile types,
though those associated with ΔR exhibit a rougher and more irregu-
lar texture compared to those with ΔL.

Rv increases with ΔR more rapidly than Rp, as the valleys between
melt pools deepen (Fig. 15b). Consequently, Rsk remains negative, indi-
cating that most of the material lies above the profile mean line. Rku
also increases with ΔR but remains close to 3 (Fig. 15c), which is char-
acteristic of a normal distribution. Indeed, the ADF tends to become
more normally distributed over the profile height, as illustrated in Fig.
16 for ΔR = 15 μm. This suggests that increasing ΔR leads to a more
homogeneous material distribution across the profile height.

10
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Fig. 13. Effect of ΔL (layer thickness variation) on roughness, for two melt-pool sizes. L = 30 μm and ΔR = 0. Arrows indicate an increasing ΔL.

Fig. 14. Profiles with two ΔL (a) and their respective ADF and Abbott-Firestone curves (b). R = 85 μm, L = 30 μm and ΔR = 0. 3% and 10% of the highest
profile heights contribute to 50% of the total height distribution for ΔL = 60 and 10 μm, respectively.

These findings also highlight that melt-pool instabilities can signifi-
cantly increase surface roughness, as ΔR can become substantial in
cases of the phenomenon knows as balling. Notably, the overall melt-
pool size (2R) does not have a significant impact in this context, as
roughness is similar between an 85 and a 160 μm-radius (Fig. 13).

5.2.3. Effect of melt-pool size variation and sintered particles
As ΔL has a marginal effect on Ra, only ΔR will be studied here. Fig.

17 illustrates the effect of adding sintered particles to the previous re-
sults for three different particle sizes (10, 20, and 30 μm) at a density of
5/mm. Compared to the particle-free case, a shift toward higher Ra val-
ues is observed, proportional to particle size (Fig. 17a). The Rp–Rv curve
also shifts toward higher Rp values while maintaining the same overall
trend (Fig. 17b). This confirms that the addition of powder primarily in-
creases Rp, whereas errors on the radius (ΔR) mainly affect Rv. Notably,
the increase in Rp appears to scale with particle size.

As in the ideal case with particle density (Fig. 11c), for low ΔR, the
Rsk–Rku curves start in the upper-right quadrant (Rsk > 0 and Rku > 3).
Fig. 18 presents the ADF for three different ΔR (circled points in Fig.
16). Rsk > 0 as most of the profile heights lie below the mean line for

the three ΔR. For example, at ΔR = 5 μm, only 31% of the profile
heights are above the mean line. At low ΔR, the primary roughness is
very smooth, making particle-induced peaks stand out as extreme val-
ues, leading to a high Rku. A rougher primary roughness, due to higher
ΔR, reduces the contrast between particles and the underlying surface,
lowering Rku. With an even higher ΔR, particles blend into the overall
distribution, further decreasing Rku, as the ADF shape is close to a
Gaussian distribution, i.e., Rsk = 0 and Rku = 3 (Fig. 18c). The particle
size has a minor impact on Rsk–Rku, only slightly reducing the slope of
the curves. Rsk increase with particle size as it increases the peakedness
of the profiles.

Fig. 19 presents the effect of the particle density. The effect of in-
creasing particle density is similar to that of increasing particle size, al-
though its impact on the Rp and Rv indicators appears more limited
(Fig. 19b). In particular, Rp seems to be governed more by particle size
than by their density. The effect on Rsk and Rku is similar because in-
creasing particle size or increasing particle density have the same ef-
fect on ADF: the contribution of the secondary roughness increases.

For all profiles generated in this study, particle positions are inde-
pendent of the peak and valley locations. However, it is worth noting
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Fig. 15. Effect of ΔR on roughness for two melt-pool sizes. L = 30 μm and ΔL = 0. Arrows indicate an increasing melt-pool size variation (ΔR).

Fig. 16. Profile with ΔR and its respective ADF and Abbott-Firestone curves. R = 85 μm, L = 30 μm and ΔL = 0.

that the effect of sintered particles on Rsk and Rku also depends on their
spatial positioning. Specifically, when particles are located at either the
peaks or valleys of the profile, their impact differs significantly. This ef-
fect is illustrated in Fig. 20, which presents idealized cases where parti-
cle positions are deliberately controlled. When particles are situated in
the valleys, the secondary ADF merges with the primary ADF, resulting
in a lower Rku. Conversely, when particles are predominantly located at
the peaks of the primary roughness, Rku increases.

5.2.4. All together
Each parameter has been analyzed individually, and their effects

have been clearly highlighted. Fig. 21 presents a global view of their
combined influence based on experimental data, considering two levels
of process instabilities (ΔR and ΔL = 10 or 20 μm), two particle sizes
(10 and 20 μm), and two particle densities (5 and 10/mm), all as a func-
tion of TED. The results indicate that TED has a limited impact on
roughness, although its effect can be amplified by increasing process in-
stabilities ΔR and ΔL (dashed curves). In all cases studied here, Ra ex-
hibits only a slight decrease with TED. Similarly, Rp and Rv are only
marginally affected, except when ΔR and ΔL reach 20 μm. Rsk and Rku
show no significant variations with TED, reinforcing the idea that TED
plays a secondary role in this context.

Conversely, addition of sintered particle has a pronounced impact
on roughness. Introducing 10 μm particles has little effect on Ra but sig-
nificantly increases Rp, roughly in proportion to the particle size (red
curves in Fig. 21). Adding 20 μm particles leads to a rise in Ra and a fur-
ther increase in Rp, while Rv remains unaffected (blue curves in Fig. 21).
This behaviour is consistent with the ideal case (Fig. 11) and with sce-
narios involving only ΔR (Fig. 17). Furthermore, the presence of sin-
tered particles increases both Rsk and Rku, shifting them from the lower-
left to the upper-right quadrant (Fig. 21c).

Increasing particle density influences Ra to the same extent as in-
creasing particle size but has a lesser effect on Rp and Rv, causing only a
minor shift toward the Rp = Rv axis (green curves in Fig. 21). It also
raises Rsk by enhancing secondary roughness contributions while
slightly decreasing Rku due to improved ADF homogeneity, as observed
in Section 5.2.3.

Higher ΔR and ΔL values lead to an increase in Ra (dashed curves in
Fig. 21). For both particle sizes, they have a more significant effect on
Rv than on Rp, shifting the curves toward the Rp = Rv axis. In the
Rsk/Rku plot, increasing ΔR and ΔL shifts the curves back toward the
lower-left quadrant, i.e., toward nearly Gaussian profile height distribu-
tions.
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Fig. 17. Effect of melt-pool size variation with different particle sizes on roughness. The density of particle is 5/mm. R = 160 μm, L = 30 μm and ΔL = 0. Arrows
indicate the increasing ΔR. ADF of circled points are exhibited in Fig. 18.

Fig. 18. Effects of ΔR with particle density of 5/mm and particle size of 20 μm on ADF and Abbott-Firestone curves. R = 160 μm, L = 30 μm and ΔL = 0.The black
horizontal lines are mean line of the respective profiles.

It is also worth noticing that a same level of Ra (black and red
curves, for example), can have different causes, as Rp/Rv and Rsk/Rku
are different.

6. Discussion

The effects of each parameter studied in this work on profiles are il-
lustrated in Fig. 22, using a small R to better highlight them. Increasing
L extends the remaining side portion of each melt pool, enhancing the
valley-like nature of the profiles due to the layer-by-layer nature of the
process. Similarly, decreasing R intensifies this effect by increasing the
curvature of each melt pool. Unsurprisingly, the addition of particles
significantly increases roughness by contributing to profile height. The
effect of ΔL on profile height is relatively limited, resulting in only a
slight influence on roughness. Conversely, ΔR directly affects profile
height, especially when particles are present, leading to a substantial
increase in roughness.

As previously demonstrated, roughness can be decomposed into two
main components: primary roughness, which arises from the melt-pool
geometry and the inherent layer-by-layer structure of the process, and

secondary roughness, caused by sintered particles on the profile sur-
face. It is important to note that, in this study, the increase in melt-pool
size and the onset of instabilities due to TED are considered separately
to isolate their effects, even though they are naturally correlated in
practice.

From a physical standpoint, melt-pool size is controlled by TED.
Geometrically, increasing TED reduces primary roughness by decreas-
ing the residual curvature on the sides of the melt pool, as guessed in
[1]. However, the model results clearly indicate that TED has a very
limited effect on overall roughness and therefore cannot account for the
experimentally observed decrease in Ra (Fig. 7). In contrast, melt-pool
instabilities (ΔR) and sintered particles have a significant impact on
roughness by substantially increasing profile height (Fig. 22).

In particular, the presence of sintered surface particles significantly
increases both Ra and Rp values.

This has been confirmed experimentally, as recent studies have
highlighted the strong influence of powder distribution on side surface
roughness [45]. The parameter Ra alone is not a reliable indicator for
understanding roughness, as different combinations of Rp and Rv can re-
sult in the same Ra value. The present results therefore emphasize that
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Fig. 19. Effect of melt-pool size variation with different particle density on roughness. The size of particles is 20 μm. R = 160 μm, L = 30 μm and ΔL = 0. Arrows
indicate the increasing ΔR.

Fig. 20. Effect of particle positioning on ADF. Particles are positioned on (a) the top of the peaks and (b) at the bottom of the valleys. R = 90 μm, L = 90 μm, ΔR and
ΔL = 0, particle density = 5/mm and particle size = 10 μm.

Fig. 21. Effect of melt-pool size and thickness layer variation and TED together with different particle density on roughness. The size of particles is 20 μm.
L = 30 μm. Arrows indicate an increasing TED.
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Fig. 22. Summering the effects of each parameter on profile shape and height. L = thickness layer. R = melt-pool radius. P = particle density.

surface optimization strategies should not rely solely on Ra, but rather
consider how different surface features affect the full set of roughness
parameters. While reducing Ra is a reasonable objective for minimizing
roughness amplitude, the analysis shows that Rp and Rv provide com-
plementary information on the relative contributions of peaks and val-
leys to the surface profile. It is worth noting that, even though particles
tend to generate peak-like surface profiles, the underlying primary
roughness remains valley-dominated. This explains the generally poor
fatigue performance of as-built L-PBF AlSi10Mg parts, as surface valleys
act as stress concentrators and promote early failure [11,12].

The results also indicate that Rsk and Rku depend on the interplay be-
tween primary and secondary roughness. For instance, a small number
of particles on an otherwise smooth surface results in a high Rku and a
positive Rsk, as the associated ADF is highly inhomogeneous. Increasing
instabilities (ΔR and ΔL) causes the ADF of the particles to merge with
that of the primary roughness, thereby reducing Rku. However, particle
positioning also plays a role. If, for physical reasons, particles preferen-
tially accumulate in valleys (Fig. 20), their ADF signature blends with
the primary roughness ADF, maintaining a low Rku. More generally,
surfaces approaching Rsk ≈ 0 and Rku ≈ 3 correspond to height distribu-
tions closer to a Gaussian profile, which typically reflects a more homo-
geneous surface morphology. Slightly negative Rsk values may even be
preferable in some cases, as valley-dominated surfaces reduce the pres-
ence of isolated peaks that may act as critical stress concentrators.

7. Conclusion

Roughness in LPBF-manufactured parts remains a critical challenge
in additive manufacturing, with complex dependencies on process para-
meters that are not always well understood. To address this, a geome-
try-based model was developed, capable of capturing the key effects of
parameters such as TED, layer thickness, and sintered particle size on
surface roughness. The model was calibrated by experimental data, al-
lowing for a deeper analysis of roughness formation mechanisms be-
yond the commonly used Ra parameter.

This study highlights the need to distinguish between primary
roughness, which originates from melt-pool geometry, and secondary
roughness, which results from sintered particles. It was demonstrated
that TED mostly influences primary roughness but has a limited impact
on overall roughness. In contrast, instabilities (ΔR) and sintered parti-
cles play a dominant role by significantly increasing profile height. Fur-
thermore, our analysis shows that Rp and Rv provide a more precise
characterization of roughness than Ra alone, as they directly correlate

with the underlying mechanisms. Additionally, the parameters Rsk and
Rku were found to depend on the interplay between primary and sec-
ondary roughness, with particle distribution influencing their values.

Overall, this work underscores the limitations of relying solely on Ra
and emphasizes the importance of a multi-parameter approach for char-
acterizing and controlling roughness in LPBF. The insights gained from
this model provide a foundation for optimizing process parameters to
achieve improved surface quality in additive manufacturing.

More advanced signal decomposition techniques (Fourier Trans-
form, machine learning, etc.) would possibly allow a more compact
mathematical representation of the profile. However, such approaches
would reduce the direct physical interpretability of the descriptors and
would not have the physical benefits of the step by step approach of the
present simple model.
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