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Surface roughness strongly influences the performance of fine internal channels in additively manufactured
components. This study investigates how contour process parameters affect the surface finish of 1 mm-diameter
channels produced by powder bed fusion-laser beam (PBF-LB). Five contour parameter sets with progressively
increasing laser energy density (LED) were applied, while keeping infill parameters constant. Surface roughness
was evaluated using surface profilometry, X-ray computed tomography (XCT), and optical microscopy (OM).
Profilometry and OM provided localized measurements, whereas XCT captured full-channel roughness along the
build direction. Results show that increasing LED initially reduces surface roughness due to improved melting
and removal of partially fused particles, reaching optimal smoothness at an intermediate LED. Further LED in-
crease causes roughness to rise again, attributed to balling and dross formation. Optical cross-sections depicted
these trends, and XCT measurements closely matched profilometry data. The findings in this study highlight a
trade-off between surface quality and dimensional accuracy, as higher LEDs improve smoothness but reduce
channel diameter. This work establishes an optimal contour LED range for minimizing as-built surface roughness
in fine internal channels, which can enhance the functional performance of PBF-LB components in aerospace,

medical, and energy applications.

1. Introduction

Industrial adaptation of additive manufacturing (AM) is growing
rapidly since it offers an effective solution for producing components
with complex geometries [1]. The design freedom in AM allows it to
manufacture complex structures such as lattice architectures [2],
customized implants [3], topologically optimized parts [4] and internal
channels embedded parts [5] which could previously be imagined but
were not possible to fabricate due to limitations associated with con-
ventional manufacturing techniques. Among these, internal channels
embedded in the part, which is being recommended for space and for
other sophisticated scenarios [6], are particularly important. However,
the surface roughness inherited to AM produced channels remained a
major challenge [7]. In general, there are two types of surface roughness
present in AM printed parts, i.e., top surface and side surface roughness.
The side surface roughness is of high importance as it contains the

information of each layer. When dealing with inclined surfaces facing
downward, the laser beam can penetrate the underlying powder,
resulting in dross formation which is the roughest surface in any powder
bed fusion-laser beam (PBF-LB) printed part. Therefore, it is important
to design a part in such a way that it contains less inclined surfaces. The
design-related compensation strategies during AM of fine channels was
demonstrated previously [8,9]. In general, the side surface roughness of
the components manufactured by directed energy deposition (DED),
PBF- electron beam, PBF-LB and binder jetting technology (BJT), are in
decreasing order [10]. However, PBF-LB is generally recommended over
the DED, PBF- e~ beam and BJT due to several advantages including
dimensional accuracy, design freedom, good processability and me-
chanical properties [11]. There are several techniques that can be used
to measure surface roughness. Profilometry is a commonly used one to
analyze surface topography of any component. X-ray computed to-
mography (XCT) allows the evaluation of surface roughness of the
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Table 1
Chemical composition of as-received SS 316 L powder.
Element Cr Ni Mo Si Mn C S P Fe
Content (wt. %) 17.5-18 12.5-13 2.25-2.5 Max. 0.75 Max. 2.00 Max. 0.003 Max. 0.010 Max. 0.025 Balance
No contour H With contour

Top view
=
3

" "——p Contour
— Hatch
BD: Building Direction

— CD: Contour Direction Ngontour zong

3D printed samples
Type 1 Type 2

[ ro [Pt
[r2[ ]r3
B P4 [llPs

Fig. 1. Schematic of samples without (PO) and with contour (P1 - P5) along with type 1 and type 2 3D printed samples in the right bottom corner.

Table 2
Process parameters of printed samples with and without contour.

Sample name  Parameters

Laser Power (P)  Scan speed (v) Linear energy density (P/

()] (mm/s) v) (J/mm)
PO (No 77 827 0.093
contour)
P1 47 800 0.058
P2 57 700 0.081
P3 67 600 0.111
P4 77 500 0.154
P5 87 400 0.217

internal channels and fine geometrical features non-destructively and
obtain not only classic surface roughness parameters but also features
hidden under the surfaces (such as re-entrant features). Klingaa et al. has
demonstrated the measurement of surface roughness of the internal
channels using this technique and evaluated the influence of surface
roughness of the channels on its cooling ability defined by Nusselt
number [12]. The influence of laser treatment on the surface charac-
teristics at microscopic level is confirmed previously [13,14].

The surface roughness inherited to as-built parts may largely influ-
ence its mechanical (especially fatigue) and functional properties [15].
For components with internal channels, minimizing the roughness of the
channel's internal surfaces is especially critical, since large roughness
affects flow characteristics, pressure drop, heat transfer, wear and
erosion [12,16] when exposed to a flowing fluid. There are two ways to
minimize the surface roughness of additively manufactured parts: a)
alteration of process related parameters [17-20], and b) post-processing
[21-23]. Improving the surface finish directly during printing by
tailoring the parameters may reduce the need for post-processing, which
is particularly advantageous for components with internal flow chan-
nels. Post-processing is often ineffective for the parts with complex ge-
ometry. When applicable, it increases the cost and lead time of the final
part. Therefore, minimizing the surface roughness in as-printed condi-
tion is highly desirable. Several reports are available on the influence of
process parameters on surface roughness in PBF-LB process [24-26].
While early studies attributed surface roughness in PBF-LB process

primarily to layer thickness, later research showed that many other
parameters play significant roles. These include laser re-melting or
contouring [27], laser incidence, laser focus shift [28], hatch spacing
[29], powder reuse [30], particle size distribution [31], scanning
strategy [32] etc. Among these parameters, contouring is the most
suitable strategy for improving the quality of side surfaces, especially for
parts containing internal channels. A number of reports have been
published to demonstrate the influence of contour on the surface
roughness of the as printed parts [33,34]. Wang et al. reported a
reduction of ~50 % in the surface roughness (R,) value of the Ti6Al4V
thin-walled part manufactured using PBF- e~ beam when a dashed-scan
contouring strategy was applied [35]. The reduction in the surface
roughness (R,) below ~ 1 pm of PBF-LB processed Zr-based bulk
metallic glass was achieved by increasing the laser power of the contour
scan [27]. Various contouring strategies, including pre-contour or
post-contour have been investigated in the literature. It has been re-
ported that the pre-contour results in better surface finish of the
downskin surface compared to post-contour [36]. Moreover, the contour
scan can significantly enhance the dimensional accuracy of the thin
geometry such as fine channels or lattice struts by tailoring it's laser
process parameters [37]. To effectively minimize the side surface
roughness, careful selection of contour scan parameters such as laser
power, scan speed, laser energy density etc. is of high importance.

Although numerous studies have explored the influence of contour
parameters on surface roughness in PBF-LB process, most of them have
focused either on external surfaces or on simplified geometries. There is
still a lack of comprehensive investigation specifically targeting the
surface roughness of fine internal channels. Furthermore, while XCT has
emerged as a powerful non-destructive technique for internal surface
evaluation, it has not been sufficiently integrated with other surface
characterization methods such as optical microscopy (OM) and surface
profilometry for cross-validation of roughness data. A deeper under-
standing of how contouring strategies affect internal surface
morphology and a reliable methodology to quantify roughness within
such features are still needed to enable precision manufacturing.

The objective of this study is to systematically investigate the influ-
ence of laser contour scan energy density on the side surface roughness
of internal channels manufactured via PBF-LB, while keeping the infill
process parameters constant. The study aims to evaluate and correlate
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Fig. 2. Surface profilometry of samples a) PO, b) P1, c) P2, d) P3, e) P4, f) P5 at location 1 and a’) PO, b’) P1, ¢’) P2, d’) P3, e’) P4, f’) P5 at location 2.

surface roughness data obtained from surface profilometry and XCT
techniques. Additionally, OM was used to examine tomographic slices
and validate surface roughness obtained by other two techniques. By
comparing the surface roughness of contour-processed and no-contour
counterparts, this study identifies the optimal laser energy density
(LED) for contour that minimizes side surface roughness, thereby
enhancing surface finish of parts with fine internal channels in as-
printed condition. This work contributes toward the broader goal of
enabling more effective use of PBF-LB for functional components in
aerospace, medical, and energy sectors where internal channel perfor-
mance is critical.

2. Experimental procedure
2.1. Materials and methods

Gas atomized SS 316 L powder with size between 15 and 45 pm,
supplied from Hoganas AB, was used in this study. The SS 316 L powder
was dried in low vacuum at 100 °C for 4 h to avoid hydrogen uptake and
other impurities during laser fusion of material which would likely have
an insignificant effect on the material properties [38]. The composition
and particle size distribution of the powder is summarized in Table 1.

An EOS M100 machine was used to print two types of cylindrical
samples named as type 1 and type 2 with same infill and different
contour parameters as shown in Fig. 1. The samples have an internal

diameter of 1 mm, an external diameter of 3 mm and height of 4 mm.
The laser power (P), scan speed (v) and linear energy density (P/v)
values of different contour parameters are summarized in Table 2. The
linear energy density of the contour parameters P1 to P5 increased from
~0.058 to ~0.217 J/mm. The layer thickness and hatch distance were
20 pm and 70 pm, respectively. The diameter of Yb fiber laser beam was
fixed to 40 pm and the wavelength was 1080 nm. The oxygen content in
the building chamber was maintained below 0.1 vol % (1000 ppm) by
circulating the high purity argon (~99.99 %) with a blow rate of 35 L/
min. Oxygen levels in the range of 20-1000 ppm have no significant
effect on the chemical composition and properties of the SS 316 L [39].
In addition, no support structure was required since the axis of the cy-
lindrical hole (channel) was oriented parallel to the building direction.

2.2. Characterization

As-printed samples were characterized using surface profilometry, X-
ray computed tomography (XCT) and optical microscopy (OM) to
measure the surface roughness of the internal curved surface of the
channel. Type 1 and type 2 samples were used for XCT and surface
profilometry, respectively. The slices of type 1 samples cut perpendic-
ular to the building direction, were examined further under OM to
provide complementary information. The data acquisition and analysis
parameters of these three techniques are as follows.
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Fig. 3. Surface profilometry of samples after removing 3-degree polynomial background a) PO, b) P1, c) P2, d) P3, e) P4, f) P5 at location 1 and a’) PO, b’) P1, ¢’) P2,

d’) P3, e’) P4, f’) P5 at location 2.

2.2.1. Surface profilometry measurements

The samples were cleaned with ethanol and dried before measure-
ments. The surface profiles were obtained at two locations of type 2
samples under each condition using a Sensofar Sneox system, in confocal
mode with green light at 20X epi objective 0.45 NA. The reproducibility
of the results contains a deviation of approximately +£20 nm. Gwyddion,
an open-source software, was used to post-process the obtained data
[40]. The roughness parameters including mean surface roughness (S,
the areal equivalent to R,), root mean square (RMS) surface roughness
(Sg, the areal equivalent to Ry), skewness (Sg) and kurtosis (Sk,) were
measured according to ISO 25178 [41]. These parameters are formu-
lated in equations (1)-(4) where Z(x,y) is the height value of each ac-
quired points and A is the acquired area.

s.= [[ 2xpiax &)
A

Sq= /%//Azz(x,y)dxdy 2)

11 ]
S =g { a /A/ |z (x,y)}dxdy} 3
1 1
&ngzgwwmw@ @

The curved profiles correspond to the cylindrical curved surface of
internal channels were obtained by profilometry. To simplify the
extraction of statistical data, a three-degree polynomial was subtracted
from the curved profile to obtain the flat profile. Surface profilometry

provides higher vertical resolution but it is applied only to the central
region of the channel wall to avoid distortions near the curved edges.
Only the x range of 0.3-0.5 mm from the acquired flat profile was
considered for the quantitative evaluation (Sq, Sy, Ssk and Sg,) since the
accuracy of the acquired data is higher in the central region than in the
side curved region.

2.2.2. X-ray Computed Tomography (XCT) measurements

The XCT scans of the type 1 samples were conducted on a laboratory
CT scanner (GE v|tome|x 300 L) using a transmission target. A voltage of
130 kV and a current of 60 pA were applied to the X-ray tube. Typically,
the spatial resolution in XCT scans is defined as 2-3 voxels. Since the
reconstructed voxel size was 2 pm, the resolution is expected to be
around 4-6 pm. As the dominant asperities on the internal surfaces
(typically 5-25 pm) are well above this threshold, XCT scan results do
not affect the validity of the obtained surface roughness. The gray value
reconstruction of the sample was first segmented into material and
background by using the advanced surface determination implemented
in Volume Graphics software. The surface was converted into a point
cloud with the spatial resolution of the voxel size (2 pm). Afterwards the
point cloud from Cartesian was converted into cylindrical coordinate
system, to extract the line profiles along the length of the channel. The
line profile width was set to 1°, so a total of 180 line profiles were
extracted for each channel, corresponding to half of the channel's curved
surface. The average surface roughness R, was then obtained according
to equation (5).

R.=

2=

N
Z ‘pi)(z) 7pr0nean} (5)
=1

Where.
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Fig. 4. a) Mean surface roughness (Sq) b) RMS surface roughness (Sg) c) Skewness (Sg) d) Kurtosis (Sk,) of PO-P5 samples along with respective different laser energy

density or linear energy density (LED) values.

Location 1

P3

Average d=1077 pm

@) ©)

Average d=982 pm

Average d=977 ym i Average d=962 pm

@) )

Fig. 5. Cross section of samples a) PO, b) P1, ¢) P2, d) P3, e) P4, ) P5 at location 1 perpendicular to building direction/axis of the hole(channel); Extracted profile of
the hole boundary a’) PO, b’) P1, ¢’) P2, d’) P3, e’) P4, {’) P5 along with respective average channel diameter value.

Rg: Average surface roughness

N: number of points along the length

p? (2): distance of a cloud point from the mean value for a particular
angular position 6

0 ean: mean distance of cloud points along the profile at a given

2.2.3. Optical microscopy (OM) measurements
To observe the cross-section of channel perpendicular to building

direction using OM, the type 1 samples were clamped in a clip before hot
mounting and grinded using emery paper of grit sizes 400, 600, 1000
and 2000. These samples were further cloth polished using 9 pm, 3 ym
and 1 pm diamond suspension. Note that the build direction of the
samples was perpendicular to the polishing surface.
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3. Results and discussion

3.1. Surface roughness parameters So, Sy, Sk and Sy, using surface
profilometry

The surface profilometry results of the type 2 samples acquired from
two locations are shown in Figs. 2-4. Fig. 2 represents the curved profile
of each sample whereas Fig. 3 represents the flat profile after subtracting
the three-degree polynomial from the curved profile. The length (x) and
width (y) of the acquired region is 0.84 mm and 0.70 mm, respectively.
The quantitative information such as Sy, Sq, S and Sy, was extracted
from the flat profile and plotted against laser energy density of contour
parameters (Fig. 4). The sample with no contour had a mean surface
roughness (S;) of 19.8 pm at location 1 and 18.3 pm at location 2,
respectively. Note that PO (laser power: 77 W and laser scan speed: 827
mm/s) is an infill parameter whereas P1 to P5 are contour parameters.
When the contour strategy was implemented with same infill parame-
ters, the mean surface roughness first decreases from P1 (13.01 pm at
location 1 and 13.76 pm at location 2) to P4 (8.36 pm at location 1 and
8.96 pm at location 2) and then it slightly increases for P5 (9.93 pm at

location 1 and 9.58 pm at location 2). Notice that the linear energy
density of the contour increased progressively from P1 to P5. At low
energy density, the surface roughness is mainly caused by the partially
melted powder particles that become partly embedded in the melted
contour region [17,42]. Increasing energy density of contour leads to the
broader fusion zone which possesses less partially melted powder par-
ticles and significantly reduced surface roughness. At higher laser en-
ergy densities (greater than 0.217 J/mm), the melted region exhibited
improved flowability of molten pool due to elevated melt pool temper-
atures. This increase in temperature extended the solidification time,
thereby reducing surface tension compared to melt pools formed at
lower energy densities [43,44]. It allows the molten liquid to spread and
form dross. The dross formation due to heat accumulation in the melt
pool at high energy density is reported by Zhang et al. [42]. Similarly,
RMS surface roughness (S;) showed a decreasing trend up to P4, fol-
lowed by a slight increase.

Furthermore, skewness and kurtosis values were also plotted against
laser energy density. Generally, skewness indicates the asymmetry of
surface features, while kurtosis reflects their sharpness. Higher skewness
and kurtosis values suggest greater asymmetry and sharper features on
the surface, respectively. At low LED, the partially melted powder par-
ticles result in lower values of skewness and kurtosis (Fig. 4). As the LED
increases, the formation of an asymmetric melt pool becomes more
pronounced, and a smaller number of partially melted powder particles
presents at the melt track. The formation of asymmetric melt pool occurs
primarily due to uneven heat transfer along the contour. This results in
increased skewness and kurtosis of the melt pool geometry. The asym-
metry in heat transfer arises from the contrasting thermal properties at
the contour boundary, where one side consists of fully solidified mate-
rial and the other of loose metallic powder [45]. However, as LED
continues to rise, the balling phenomenon may take over, leading to
reduced asymmetry and sharpness, as well as a slight increase in S,
values. Further increases in energy density may ultimately result in
higher surface roughness compared to what was observed at P5.

3.2. Cross-section of channels using optical microscopy

The optical microscopy of cross section of type 1 samples acquired
from two locations are shown in Figs. 5 and 6. It is clearly depicted that
the progressive increment in LED results in the smoother surface which
is aligned with the observations from surface profilometry data. How-
ever, the actual channel diameter (CD) is deviated from the designed
diameter i.e. 1000 pm. As per the surface profilometry data, the S, value
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Fig. 8. Unwrapped curved surface of the samples a) PO, b) P1, ¢) P2, d) P3, e) P4, and f) P5.

reduced by approximately 57 % from sample PO to P4 (Fig. 3 (a)),
whereas the channel diameter for PO and P4 samples were reduced by
approximately 10 % (1077 pm-977 pm for location 1 and 1067 pm-963
pm for location 2) (Fig. 7). The channel diameter for the samples PO to
P5 is given in Figs. 5 and 6 to reveal the oversized and undersized di-
mensions with respect to the intended CAD design. Lee et al. has
attributed the variation in dimensional accuracy of fine channels printed
with high laser energy density contouring to heat accumulation and
formation of wavy bulges [46]. The main reason for the reduction in
diameter at higher LED contour is the wider melted region which en-
trains the surrounding partially melted powder particles. It can be
concluded that synchronizing the designed dimensions, contour offset
and contour LED is essential to simultaneously achieve a high surface
quality and dimensional accuracy, as there is a trade-off among these
parameters [47]. Note that the secondary process effective in achieving
smoother surfaces often introduces significant dimensional change and
rounding of the sharp edges of fine channels [48,49]. Therefore, it is
important to account in advance for the dimensional change introduced
during post-processing, in addition to those caused by due to contouring.
This aspect will be addressed in future studies.

3.3. Surface roughness measurements using XCT

Surface profilometry and optical microscopy provide localized
roughness measurements at location 1 and location 2, whereas the
roughness of the entire internal curved surface can be evaluated using
XCT data. As shown in the form of unwrapped internal surface in Fig. 8,
the average surface roughness R, progressively decreases from PO to P4
(population of raddish spots), indicating that an optimal increase in laser
energy density enhances the smoothness of the printed surfaces. Beyond
P4, a further increase in energy density results in slightly increased
roughness, likely due to dross formation, as also observed by profilom-
etry in Fig. 4. The quantitative values of surface roughness were deter-
mined as described in the “Experimental procedure” section. The
extracted point clouds representing the inner surface of the channel from
XCT data is plotted along the length (building direction), as shown in
Fig. 9 (a) and 9 (b) in the form of line profile for sample PO and P5. The
R, values of each line profile were then plotted against the angle 6
(0°-180°) for sample PO to P5, as shown in Fig. 9 (c). It was observed
that sample P4 exhibited the lowest R, values (8-9 pm) among all
samples, consistent with the results obtained from surface profilometry

and optical microscopy. These findings indicate that XCT can be adopted
as an effective technique to measure the surface roughness of curved
profiles for internal channels.

3.4. Quantitative correlation of mean surface roughness (Sg), channel
diameter (CD) and LED

Based on the above results, it was observed that surface roughness
and channel diameter are significantly influenced by the LED. The sur-
face roughness initially reduced with LED and obtained a threshold
value for minimum surface roughness whereas the channel diameter
progressively reduces with LED due to broadening of the melt pool. The
quantitative correlation between these parameters allows to identify the
optimum value of LED to achieve smoother surface with highest
dimensional accuracy. The S, vs LED relationship was obtained as
follows:

Sq = a(LED)? + b(LED) + ¢ (6)

Sa = Mean surface roughness, a, b, c are constants and LED = Linear
energy density.

Through regression-based curve fitting of the experimental data
obtained within the investigated LED range, the constants were deter-
mined as a =481 + 4, b = —153 + 3 and ¢ = 20. This empirical relation
(Fig. 10a) can assist in the selection of LEDs for the minimisation of
surface roughness. Furthermore, the relationship between channel
diameter and LED follows power law as channel diameter (CD) pro-
gressively decreases with increasing LED. The empirical relationship
between CD vs LED is established as follows:

CD = p(LED)" )

Where p and n are constants. Regression-based curve fitting of the
experimental data obtained gave p =911 + 7 and n = —0.035 (Fig. 10b).

To further quantify the trade-off between surface quality improve-
ment and dimensional reduction, the change rate of mean surface
roughness (S,) and channel diameter (CD) with respect to LED was
calculated using finite differences, as exhibited in Table 3. A quantita-
tive ratio R, as defined in eq. (8), represented the surface roughness
improvement obtained per unit channel diameter reduction for a unit
LED increment. A high value of R suggests the smoothening of the sur-
face while maintaining the dimensional accuracy.
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Table 3
Quantitative trade-off analysis between surface roughness reduction and chan-
nel diameter reduction with increasing linear energy density (LED).

LED interval ALED AS, ASq/ ACD ACD/ R
(603 (pm) ALED (pm) ALED (AS./
mm) (pm-mm/ (pm-mm/ ACD)
J) J)
0.058 — 0.081 0.023 —-2.30 —100.0 —20 —869.6 0.115
0.081-0.111 0.030 —2.06 —68.7 -9 —300.0 0.229
0.111-0.154 0.043 —0.37 —8.6 -5 —116.3 0.074
0.154-0.217 0.063 +1.10 +17.5 -16 —254.0 0.069
ASq
R— |ALED | _ AS, (8)
—|aco | —
ALED ACD

The analysis indicates that the LED range of 0.081-0.111 J/mm
yields the maximum ratio (R = 0.23) (Table 3), suggesting that signifi-
cant surface smoothening can be achieved with relatively minor
dimensional loss. Beyond this range, further increases in LED result in
diminishing improvement in surface roughness improvement, while
channel diameter continues to decrease due to melt pool broadening. At
the highest LED investigated, surface roughness begins to increase,
making further LED increase unfavourable. This quantitative relation-
ship provides a practical guideline for selecting LED values that balance
surface quality enhancement with dimensional accuracy in
manufacturing applications.

4. Conclusions

This study presents a systematic investigation of the influence of
contour linear energy density (LED) on the internal surface quality of
fine channels produced by PBF-LB. By combining surface profilometry,
X-ray computed tomography (XCT), and optical microscopy (OM), a
comprehensive assessment of roughness evolution was achieved. The
results consistently show that increasing LED initially enhances surface
finish by reducing partially fused particles and stabilizing melt-track
morphology, with the lowest roughness obtained at an intermediate
LED (~0.154 J/mm). Beyond this optimal value, surface roughness in-
creases again due to intensified balling and localized dross formation.
The OM-based diameter measurements revealed that higher LED values
significantly reduce channel diameter (~1077 pm-~962 pm) due to
excessive melt-pool widening. This demonstrates a clear trade-off be-
tween surface smoothness and geometrical accuracy. A preliminary
quantitative relationship between S, reduction and diameter shrinkage
was established, providing a practical guideline for contour-parameter
selection. XCT enabled full-surface roughness mapping along the
entire channel length, validating the trends observed by profilometry
and revealing the spatial uniformity of roughness. Overall, the findings
highlight that contour LED must be carefully optimized, as both insuf-
ficient and excessive energy input lead to distinct surface defects. The
study demonstrates that although the minimum surface roughness was
obtained at 0.154 J/mm LED value, an intermediate LED range
(0.081-0.111 J/mm) provides the best balance between smooth surfaces
and acceptable dimensional accuracy. These insights are directly
applicable to the design of precision functional channels in aerospace,
energy, and medical components.
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