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Additive manufacturing via powder bed fusion — laser beam (PBF-LB) enables the fabrication of complex ge-
ometries but suffers from inherently rough surfaces and surface tensile residual stresses, both of which can
compromise structural integrity, particularly under fatigue loading. To address these limitations, this study in-
vestigates chemical mechanical polishing (CMP) as a surface finishing method for improving surface quality and
modifying the residual stress state in PBF-LB 316 L stainless steel. The work uniquely examines how scan rotation
(0° vs. 67° rotation) and contour parameters influence CMP effectiveness in material removal, surface smoothing,
and subsurface stress redistribution. With a targeted material removal of 110 pm, CMP reduced surface rough-
ness (Sa) by up to 94 %, achieving values as low as 0.7 um. Microstructural analysis revealed no grain refinement
but identified a thin, plastically deformed surface layer. This plastic deformation resulted in the transformation
of tensile surface stresses (340 MPa) into beneficial compressive stresses (—400 MPa), as confirmed by syn-
chrotron X-ray diffraction, which also showed a shift toward isotropic strain distribution. Further, these findings
demonstrate that the initial scan strategy influences CMP performance and that CMP can enhance both surface
integrity and mechanical reliability without altering the underlying microstructure. This study advances the
understanding of how process induced microstructure and surface features affect CMP outcomes, enabling more
informed design of post-processing strategies for improved surface integrity and mechanical performance in
additively manufactured metals.

1. Introduction consequence of different aspects related to the process, such as the

powder feedstock, process parameters, and component design [3].

Powder bed fusion - laser beam (PBF-LB) enables production of
complex geometries, which are difficult or not possible to produce by
conventional manufacturing processes. While the PBF-LB process has
gained greater acceptance with the enhanced densification of several
materials, with static properties comparable to those produced by con-
ventional means, the complicated surface topography and high residual
stresses of PBF-LB materials remain a great challenge. The surfaces of
PBF-LB components are typically associated with average surface
roughness (Ra) values between 3 and 50 um. Rough surfaces with deep
valleys can act as critical sites characterized by high-stress concentration
and localized strain accumulation that evidently cause crack initiations
and premature failure in fatigue loading [1,2]. This roughness is a
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As-built surfaces are distinguished by a primary roughness attributed
to melt pool solidification. The melt pools are the building blocks of the
process, and their connection to each other can yield significant differ-
ences in roughness. Typically, the melt pool morphology provides a
certain waviness to the final surface. Another unique feature of PBF-LB
surfaces is the secondary roughness characterized by partially or fully
melted powder particles that adhere to the surface. The roughness can,
to some extent, be reduced by optimizing parameters, such as applying a
contour parameter. After the bulk scan is performed, the contour scans
the outer surface of the part, which, if optimized, smoothens the melt
pool boundaries, reduces powder adhesion, and limits dross formation
[4,5]. Although roughness reductions can be achieved through proper
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Fig. 1. Overview of the CMP process and its effects. (a) Schematic of the two-step CMP process. (b) Image of specimens in as-built and CMP-processed states. CMP
treatment results in smoother, shinier surfaces with rounded edges, attributed to increased localized media contact during vibratory motion.

optimizing of parameters, for more demanding applications and fatigue
loading, the surfaces need further improvement.

Beyond surface irregularities, the cyclic rapid melting and solidifi-
cation inherent in PBF-LB generate large thermal gradients, accumu-
lating residual stresses. These stresses can result in part deformation or
cracking [6]. Generally, as the material solidifies, a contraction takes
place where tensile stresses are generated at the surface and compressive
stresses in the bulk. Thus, typical residual stress profiles in PBF-LB
components, where tensile stresses are prevalent at the surface, are
transitioning to compressive stresses in the interior [7]. These surface
tensile stresses can negatively impact fatigue life by intensifying crack
initiation at surface features [8,9].

Various surface treatments have been explored to reduce roughness
and residual stresses. Conventional approaches like machining effec-
tively reduce roughness and enhance fatigue life of PBF-LB produced
materials by eliminating surface and subsurface defects [2,10]. How-
ever, the complex designs of PBF-LB components, such as small features

or internal cooling channels, are difficult or impossible to access,
requiring new innovative surface finishing strategies [11,12].
Researchers have investigated a variety of surface treatment tech-
niques to satisfy the needs of PBF-LB surfaces. These can be grouped by
their mechanism and effects. A rough distinction can be made between
treatments using mechanical/abrasive, chemical/ electrochemical, or
hybrid methods to alter the surface topography of PBF-LB surfaces [13].
Mechanical treatments studied on PBF-LB surfaces, such as shot peening,
offer a combination of lowered roughness and beneficial compressive
stresses that improve mechanical performance [14,15]. However, as the
process relies on the physical impact of process media, shot peening
heavily deforms the surface microstructure and struggles with internal
geometries and fine geometrical features [16]. Other studied surface
treatments, such as chemical polishing, provide homogeneous material
removal even for internal features because material removal is driven by
selectively dissolving surface features by chemical reaction. This has
been proven efficient at reducing the roughness of 316 L stainless steel as
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Table 1

Chemical composition of AISI 316 L stainless steel powder in wt%.
Chemical composition C Ni Cr Mo Mn Si (o] Fe
wt% 0.028 12.6 16.9 2.5 1.5 0.7 0.056 Balance

low as Ra = 0.4 um [17]. However, the process also has its limitations,
such as uneven material removal due to microstructural differences and
high chemical consumption with possible environmental impacts [18].

The CMP process, also known as chemically accelerated vibratory
finishing (CAVF), is another cost-efficient hybrid alternative that com-
bines mechanical and chemical-driven material removal. The CMP or
CAVF process is based on accelerating the surface material removal
(SMR) via a self-limiting chemical reaction while the components are in
a vibratory bowl. Usually, the CMP process does not require abrasive
media, and a gentler media (ceramics, porcelains, or plastics) is
employed to decrease the media attrition rate (media last longer),
rounding off edges, and smaller features. During CMP processing, a
material specific compound activates the surface by forming a self-
assembling monolayer (SAM), which is easy to remove by any rubbing
action, accelerating the removal of surface peaks by the non-abrasive
media [19,20].

A handful of studies have investigated the CMP process on PBF-LB
materials such as titanium [21,22], nickel-based superalloys [20,21],
stainless steel [23] and copper [19]. The process has been shown to
enhance the surface finish with Ra below 0.1 ym without changing the
microstructure and improving the corrosion properties of 316 L pro-
cessed via CMP [23]. However, a dedicated analysis of the surface
microstructure and how the process influences residual stress distribu-
tion is missing. One of the great benefits of PBF-LB is that the micro-
structure can be tailored locally through changes in e.g. process
parameters or scan strategy. Therefore, it is important to see how
different post-processing operations, such as CMP, impacts the printed
microstructures. As the surface roughness improvement evolves through
SMR, a greater understanding of the depth of material that should be
removed must be considered. It is well established that different scan
strategies and process parameters can yield significant differences in
surface roughness, microstructure, and subsurface defects.

Despite the demonstrated potential of CMP to improve surface finish
and corrosion resistance in PBF-LB metals, its mechanistic interactions
with as-built surface features, specifically those governed by scan
strategy, remain poorly understood. Prior research has largely focused
on surface roughness improvements, with limited attention to how
initial microstructure and topography affect material removal behav-
iour, surface deformation, or residual stress redistribution during CMP.
To fill these gaps, this study investigates the influence of scan rotation
(0° and 67°) and contour parameters on CMP outcomes in PBF-LB/316 L
stainless steel. Through quantitative surface characterization, micro-
structural analysis, and synchrotron X-ray diffraction, the work exam-
ines how CMP modifies roughness, induces plastic deformation, and
transforms surface tensile stresses into isotropic compressive stress. By
establishing these process-structure-property relationships, this work
provides a scientific basis for tailoring CMP post-processing to enhance
surface integrity and fatigue resistance in additively manufactured
components.

2. Materials and methodology
2.1. Powder feedstock and sample manufacturing

Two sets of specimens with a shape consisting of a 15 x 15 x 15 mm?>
cube in the bottom and a top 8 x 15 x 10 mm® (Fig. 1b) were manu-
factured of gas atomized 316 L stainless steel powder (20-53 pm) from
Hoganas AB using an EOS M290 system (EOS GmbH). The chemical
composition of the powder is presented in Table 1. A layer thickness of
40 ym and a standard parameter set (316 L_040_FlexM291_1.00) were

employed. Two scan rotation strategies were implemented to generate
distinct microstructures. The first set utilized a 67° rotation, represent-
ing the state-of-the-art approach. The second set employed a 0° rotation,
designed to create a more anisotropic microstructure [24], as used in
previous work [25]. For each scan rotation, specimens were fabricated
with and without contour parameters, referred to as C = contour and NC
= no contour, respectively, in subsequent figures and discussion.

2.2. Chemical mechanical polishing

The PBF-LB 316 L specimens underwent surface finishing via CMP,
provided by REM Surface Engineering (Brenham, Texas). The mecha-
nism and workflow of the CMP process are illustrated in Fig. 1a, with the
resulting surface conditions shown in Fig. 1b. Treatment was performed
in a 30 L vibratory bowl filled with non-abrasive, high-density ceramic
media (straight-cut triangles, 3 mm x 5 mm), operated at a frequency of
54 Hz, a 3 mm amplitude, and a lead angle of 80°.

During the refinement step, a proprietary REM 316 L chemical
compound was dosed at 1litre per hour (L/h) in a flow-through
configuration for 6 h. This formulation reacts with the stainless-steel
surface to form a thin conversion layer, SAM or oxide that weakens
atomic bonding at surface irregularities [23,26]. The layer is subse-
quently removed through mechanical rubbing by the ceramic media,
enabling preferential smoothing of surface peaks. Approximately
110 ym of material was removed per surface during this stage.
Following refinement, a burnishing step was conducted in the same
vibratory setup. The chemical input was switched to a diluted REM
burnishing compound (1:100 in water), dosed at 5 L/h for 1 h. This step
deactivates and removes the conversion layer while further enhancing
optical smoothness and surface uniformity.

2.3. Surface topography characterization

The surface topography measurements of the as-built and CMP
processed surfaces were performed in a SensoFar Neox S optical profil-
ometer with a Nikon objective at 20 x magnification utilizing confocal
fusion on stitched areas of 3.2 x 2.4 mm of the BD-Y plane parallel to
the build direction. Surface plots and roughness measurements were
processed and extracted in Mountains Map 10.1 [27]. Specific surface
texture parameters were chosen and compared (S,, S¢;) following the
ISO 25178-2 standard [28]. The surface topography of samples in
as-built condition and after CMP treatment were studied in SEM.

2.4. Microstructural characterization

All microstructural investigations were performed on the XY-plane,
perpendicular to the build direction, to capture the surface/subsurface
features and to estimate the amount of material removal. Samples were
sectioned using a high-speed saw with a diamond blade and ground
using SiC abrasive paper (P180 grit - P1200 grit). Polishing was per-
formed using 9, 3, and 1 um diamond suspension. The samples were
electrochemically etched in 10 % oxalic acid at 3 V to reveal features
such as melt pools, grain boundaries, and cells. The part surface and
microstructure were characterized before and after CMP using light
optical microscopy (LOM) with a Zeiss Axioscope 7 and scanning elec-
tron microscopy (SEM) with a Zeiss Gemini 450 field emission micro-
scope. All samples selected for electron backscattered diffraction (EBSD)
mapping were further polished using OP-S colloidal silica suspension to
remove any deformation remaining from the previous polishing steps.
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Fig. 2. The experimental diffraction setup. (a) relationship between incident white beam and diffraction (b) coordinate system for different acquisition angles ¢
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Fig. 3. Surface topography for 67° scan rotation with contour illustrated by surface plots. (a) as-built condition and (c) after CMP treatment. SEM images of the same
surfaces (b) as-built condition and (d) after CMP treatment.

2.5. EBSD and KAM maps maximum misorientation angle of 2° to remove the impact of grain
boundaries. After the acquisition, all EBSD data was processed in
Large area mapping of the as-built and CMP processed microstruc- AztecCrystal3.3.

ture was acquired using the Zeiss Gemini 450 using electron backscatter
diffraction (EBSD) at an acceleration voltage of 20 kV with 1.5 ym step
size. Higher magnification EBSD acquisitions for Kernel Average
Misorientation (KAM) maps used a smaller step size of 0.2 ym with a

2.6. Energy dispersive synchrotron X-ray diffraction

The energy dispersive - synchrotron X-ray diffraction (ED-SXRD)
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Table 2

Areal roughness measurements of as-built and CMP processed conditions.
Condition Sa (um) Sa reduction (%) S10z (um) S$10z reduction (%)
AB—67°-C 15.9 - 156.2 -
AB—-0°-C 10.9 - 105.0 -
AB—67°-NC 19.2 - 189.7 -
AB—0°-NC 12.5 - 121.4 -
CMP-67°-C 1.5 90.6 49.6 68.2
CMP-0°-C 1.1 90.0 50.5 51.9
CMP-67°-NC 4.4 77.1 98.8 47.9
CMP—-0°-NC 0.7 94.4 28.2 76.8

measurements were performed at the white beam engineering materials
science beamline P61A at the Deutsches-Elektronen-Synchrotron
(DESY) in Hamburg, Germany [29]. In essence, an energy dispersive
detector detects the energy (E™) of the X-rays diffracted by the sample
at a fixed diffraction angle 6. In such case, Bragg’s law can be rewritten
in terms of photon energy with h being the plank constant, c the speed of
light, and d™ the lattice spacing [30]:

h-c 1
hkl

— 1
2sind°  EW M

Due to the wide energy spectrum of the white synchrotron beam, the
retrieved information arises from different depths, providing depth
resolution. The originating depth from which 63 % of the total diffracted
intensity originates can be calculated for each lattice plane by consid-
ering the acquisition setup [31]. A simplified illustration of the basic
instrument principle in reflection geometry is shown in Fig. 2. Prior to
the measurements, calibration was performed using the diffraction angle
of 20 = 7.10823° and NIST silicon powder. The specimens, mounted in
an Eulerian cradle, were scanned in y-mode using the energy-dispersive
detector in the vertical diffraction plane (y = y for the detector in the
vertical diffraction plane). Therefore, the calculation of the information
depth 7 is given by Eq. 2, with u denoting the energy dependent mass
absorption coefficient [31]:

Journal of Materials Processing Tech. 345 (2025) 119055

7(hkl) = %cosy/ 2)

To reduce the background signal on the detector, anti-scattering slits
were used. The specimens were measured in the BD-Y plane (see Fig. 2).
Beam conditions were optimized to avoid saturation of the detector at
different tilt angles: for y = 0-36° 50 mm graphite in the incoming beam
with 6s acquisition time, for y = 40-56° 40 mm graphite in the
incoming beam with 7 s acquisition time, and for y = 60-80° 30 mm
graphite in the incoming beam with 8 s acquisition time. In addition, the
incoming beam was narrowed by the vertical and horizontal slits to a
0.5 x 0.5 mm? cross section. In the diffracted beam, the slits narrowed
the beam to 50 x 50 um? The full ¢ range of 360° was mapped with a
step size of 15°, whereas y angles were measured with 4° step size,
resulting in a total number of 504 acquisitions per sample. The sche-
matic in Fig. 2b highlights the relationship between the sample co-
ordinates and ¢ and y acquisition angles.

Peak fitting was performed in the open-source software P61A:Viewer
developed at the P61A beamline, using a pseudo-Voigt function [32].
Peaks under 100 counts were excluded from the subsequent residual
stress analysis.

2.7. Residual stress analysis

For each reflection, the residual stress was determined using the
least-squares method as proposed by Ortner [33]. In this context,
Hooke’s law can be written in the special form of Dolle & Hauk (Eq. 3).
Such equation relates the strain in the laboratory system <82,w> to the

stress <o-;> in the sample coordinate system. The so-called X-ray elastic

stress factors Fsg;j(¢,y,hkl) contain information on the coordinate
transformation and the elastic stiffness of the material [34]. The stress
factor entities were determined from the single-crystal elastic constants
of 316 L (c1; = 206 GPa, c12 = 133 GPa, ca4 = 119 GPa) [35] using the
Kroner model in ISODEC [36]. For the strain calculation, the average of
all measured lattice distances was used as the stress-free reference. Using
such a stress-free reference, the overdetermined linear equation system
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Fig. 4. SEM images of different surfaces and cross sections processed by CMP. (a) BD-Y and (b) BD-X for 67°-NC scan rotation (c) and (d) 0°-NC scan rotation for BD-
Y and BD-X cross-sections respectively, with simplified schematics for each scan rotation presented to the right of the micrographs.
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Fig. 5. Optical micrographs of etched XY-cross sections. (a) and (c) as-built condition and b) and d) after CMP processing for 0° scan rotation without contour.

was solved using in-house python code. Since the choice of such a
stress-free reference is arbitrary, the results are expressed as deviatoric
stresses, so the dependence on the stress-free reference is removed.

ikl _ hk
<833L> _ <g;w> d™(ep,y,311) dy (p,w,311)

(. y,311)

3
= Y Fuyley. hkl)<o-§j> @

ij=1
3. Results and discussion

3.1. Surface topography

Fig. 3 illustrates the surface topography of the sample produced with
67° scan rotation (state-of-the-art) with applied contour in as-built
condition and post-processed by CMP. The as-built surface (Fig. 3a,b)
exhibits the characteristic roughness of PBF-LB, with randomly distrib-
uted peaks and valleys due to adhered powder and solidified melt pools
[3]. This results in a measured surface roughness of Sa = 15.9 ym and a
large distance between peaks and valleys (S10z = 156 um), as detailed in
Table 2. Following CMP, a dramatic reduction in surface roughness is
observed (Fig. 3c,d). The Sa value decreases to 1.5 um, indicating a
significant smoothing effect. With most of the peaks present in the
as-built condition being effectively removed, the surface is flat but still
shows some valleys. As described above, the CMP process primarily
targets the peaks. After a material removal of approximately 110 um,
that basically aims to remove the adhered powder, a few valleys remain.

According to the S10z value after CMP, see Table 2, further material
removal of 50 um would have been required to fully remove the valleys
of the 67°-C condition. This peak-selective removal is inherent to the
CMP mechanism [20,21]. The chemical compound forms a removable
conversion layer primarily on exposed surfaces, which are more acces-
sible to both the reactive chemistry and mechanical rubbing from the
media. This results in a self-limiting material removal process that
preferentially smooths peaks, consistent with the observed topography
in Fig. 3.

The initial scan strategy also plays a role in the resulting surface
topography after CMP, as indicated by the roughness measurements, see
Table 2, where the Sa value ranged from (0.7-4.4 ym) and the S10z
(28.2-98.8 um) after surface treatment. Using contour showed signifi-
cant differences for the samples produced with 67° scan rotation,
whereas no contour surfaces showed valleys twice as deep (~50 pum vs.
~100 um for C vs NC) as described by S10z. It is seen that 67°-NC had a
rougher surface in as-built condition (Sa = 19.2 ym) compared to the
same orientation with contour applied (Sa = 15.9 pm) similar trends
were also observed in samples printed with 0° scan rotation. Applying an
optimized contour lowers the surface roughness in the as-built condition
by smoothing the melt pool boundaries and reducing powder adhesion
[4,5].

The orientation of the remaining valleys after CMP is also influenced
by the scan rotation (0° vs. 67°), as shown in Fig. 4. Due to the 67°
rotation between each processed layer, the surface topography parallel
to the build direction is isotropic in as-built condition [25], as seen from
the irregular morphology and random valley distribution after CMP
processing, see Fig. 4a,b. However, samples produced with a 0° scan
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Fig. 6. EBSD maps of XY-cross sections. (a) as-built condition and (b) after CMP where surface smoothening and rounding effect at the corner are visible. Subsets at
higher magnifications of the same surfaces, (c) as-built and (d) CMP processed, indicate that the grain size is unaffected by CMP.

Fig. 7. Etched microstructure of CMP-processed sample. (a) and (c) at the centre of the cube and (b) and (d) at the samples edge.

rotation showed a strong dependence on the number of valleys, their
depth, morphology, and orientation with respect to the build direction,
see Fig. 4c,d. Only a few randomly distributed valleys are observed for
the BD-Y cross-section as opposed to the perpendicular surface BD-X. As
insufficient material was removed (Fig. 4d), the powder can be seen in

the valleys formed between overlapping melt pools. This indicates that
while CMP effectively reduces roughness, the footprint of the initial
surface pattern can still be observed unless valleys are successfully
removed (Fig. 4c). This observation indicates that the initial surface
roughness and pattern, which are themselves influenced by the scan
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(a) (b)

(c)

Fig. 8. Kernel Average Misorientation (KAM) maps of the sample surface. (a) as-built condition, (b) face of the cube after CMP, and (c) sample edge after CMP.
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Fig. 9. Strain pole figures from energy-dispersive synchrotron X-ray diffraction measurements, calculated using the 311 reflection. The top left figure shows the as-
built condition (AB-67°-C), while the remaining maps represent different CMP-treated surfaces. The bottom left schematic illustrates the ¢—y coordinate system
relative to the build direction. The colour scale represents lattice strain ¢* ** (ue).

strategy, determine the required material removal during CMP to reach
isotropic surface topography. To fully optimize the CMP process when
treating samples with different as-built surface topography due to, e.g.,
increased layer thickness, the effectiveness of contour scan, the differ-
ence in processing parameters, overhangs, etc., the largest S10z value
could act as a guidance for required material removal. For example, in
the case of 67°-NC samples, S10z of ~189.7 pm clearly shows that in this
case material removal of ~110 pm was not enough to get to the targeted
smooth surface. Knowledge of these relationships is crucial for tailoring

the CMP process to achieve the desired surface finish and, ultimately,
the desired mechanical properties.

3.2. Microstructure after CMP

To investigate the microstructural impact on CMP treated surfaces
and the depth of surface/sub surface features, samples were sectioned
and analysed in the XY-plane (perpendicular to build direction).

Fig. 5 illustrates etched cross-sections in the as-built condition and
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Histograms represent counts of individual measurements obtained via energy-
dispersive synchrotron X-ray diffraction and curves are overlaid to visualize
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after CMP for 0° scan rotation without contour. The surface features are
presented from different perspectives with reference to the scan vectors
and solidification direction of the melt pools. The as-built condition
(Fig. 5a,c) exhibits irregular features, including adhered powder and
primary roughness/waviness from melt pool solidification. Notably, the
surface perpendicular to the melt tracks (perpendicular to the scanning
vector) (Fig. 5a) has only a small amount of powder and slight waviness
with no visible subsurface defects. It is seen that CMP effectively
removes these features, resulting in a flat surface (Fig. 5b). However, the
surface parallel to the scan vectors (Fig. 5¢) shows valleys in the order of
130 pum and some valleys have powder trapped inside them between the
overlapping melt pools. This is seen from another perspective on the
outer surface in (Fig. 4d). Observations of the same condition after CMP,
see Fig. 5d, show that deep valleys of up to 90 um can be found while the
outer surface is planarized. Some valleys are opened by removing the
peaks on the as-build surface and some are closed. Despite this clear
smoothing, no significant microstructural changes often seen for abra-
sive processes such as shot peening [15] (ex. grain refinement) are
observed at this magnification.

As seen from the EBSD maps in Fig. 6, CMP does not change the
microstructure or grain size near the edges. Visually, a rounding of the
edges can be clearly seen on the samples, see Fig. 6b. The EBSD maps of
the surface at higher magnification (Fig. 6¢,d) show that no grains are
preferentially attacked, indicating no impact of the microstructure on
material removal. The black (unindexed) area at the surface in Fig. 6d
suggests the absence of EBSD hits due to a thin, highly-deformed surface
layer.

Observation of etched microstructure at higher magnification, see
Fig. 7, shows that cells at the surface got deformed. On the face of the
cubes, this deformation reaches about 1-2 um into the material. At the
corner of the cube, the deformation is more pronounced, reaching up to
3-5 um in depth. To further investigate the deformation induced by
CMP, high-magnification KAM maps with a step size of 200 nm and a
maximum misorientation of 2° were acquired, see Fig. 8. An increase in
misorientation from the as-built condition (Fig. 8a) to the surfaces
exposed to CMP (Fig. 8b,c), was observed. This increase in misorienta-
tion suggests that CMP introduces plastic deformation close to the sur-
face. Increase in misorientation was more prominent at the sample
corner (Fig. 8c), compared to the face of the cube, see Fig. 8b. This
correlates well with the observed larger area being affected in Fig. 7b.

3.3. Influence of CMP on residual stress

Fig. 9 presents the strain pole figures obtained by ED-SXRD at the
P61A beamline. Since ED-SXRD measurements were performed with
around 500 acquisitions mapping the sample surfaces around y and ¢,
see Fig. 9, the information about stress anisotropy and principal di-
rections can be extracted. The strain pole figures in Fig. 9 show that the
maximum principal direction aligns with the building direction, as
typically observed in AM parts [37]. However, after CMP, the
compressive strains are isotropic around the pole in all ¢ directions.
Hence, CMP not only generates compressive residual stresses at the
subsurface but also removes the stress anisotropy.

Fig. 10 presents residual stresses measured along the building di-
rection. Energy dispersive diffraction allows to obtain residual stress as a
function of the information depth from the surface, see Fig. 10a. Typi-
cally, for as-built conditions, the subsurface stress reaches its maximum
around 100-200 um but having lower values closer to the surface due to
high surface roughness effects [38]. After CMP, the stresses become
compressive with about -400 MPa at the surface, and the stress in-
creases as a function of depth. Regardless of the initial manufacturing
parameter, the stresses remain compressive over the whole range of the
measurements (up to 180 um). It is, therefore, unclear until what depth
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Fig. 12. Microstructural impact on material removal by CMP and process mechanisms. Schematic illustration of the CMP cycle for PBF-LB 316 L stainless steel with
0° (left panels) and 67° (right panels) scan rotation, shown on cross-sections perpendicular to the build direction. (a and b) as-built surfaces, (c and d) chemical
activation and vibratory finishing, (e and f) burnishing step, (g and h) final deformed surfaces with remaining surface porosity, and (i and j) thickness of the
deformation layer.

10



R. Gunnerek et al.

in the sample the residual stresses remain compressive. According to
stress balance theory, the total stress within the sample should equal
zero, suggesting a stress redistribution inside the sample after CMP. This
is, however, a topic for further investigations, including stress mapping
in the bulk of the material.

For easier comparison, the residual stresses along the build direction
for the 311 reflection, corresponding to 90 um depth, are shown in
Fig. 10b. The as-built condition shows a tensile stress of approximately
340 MPa. Notably, the CMP post-treatment induces a compressive stress
state of approximately —260 MPa for the sample produced with 67° scan
rotation using a contour, see Fig. 10b. This means a 180 % stress
reduction at the surface. It is also seen that the scan rotation had an
impact on the residual stress distribution since the samples produced
with 0° scan rotation show larger compressive stresses of —330 MPa
after CMP. In fact, previous work showed that 0° scan rotation generates
high anisotropic stress distribution as the solidification always occurs in
the same direction [39]. Further, by increasing the scan rotation angle
between layers, the stress was more uniform and evenly distributed,
thus, explaining the measured differences. Notably, the impact of the
contour was minimal on residual stress.

The full width half maximum (FWHM) of the diffraction peaks can be
used as a qualitative measure of the plastic deformation/dislocation
density. Fig. 11 shows the FWHM distribution of the diffraction peaks
(from all acquisitions) measured at the surface of as-built and CMP
samples. Much broader peaks for the CMP condition confirm higher
plastic deformation at the surface of these samples, in agreement with
the KAM maps (Fig. 8).

3.4. Mechanisms and microstructure development during CMP

The combined results of surface topography, microstructure, and
residual stress can be explained through the chemical mechanical cycle
of CMP, as illustrated in Fig. 12. The as-built surfaces (Fig. 12a,b)
contain adhered powder and melt pool waviness, with valley depth and
location governed by the scan rotation. Samples built with 0° rotation
generally exhibited deeper, directionally aligned valleys, while 67°
rotation produced more isotropic features. During the chemical activa-
tion step (Fig. 12c,d), a thin brittle conversion layer forms preferentially
on surface peaks. This enables peak-selective removal when rubbed by
the vibratory media, explaining why CMP effectively removes powder
and surface peaks but leaves some deep valleys depending on the initial
printing parameters.

The subsequent burnishing step (Fig. 12e,f) deactivates and removes
the conversion layer and enhances surface smoothness. EBSD and KAM
analysis show that CMP does not alter the bulk grain structure but
produces a plastically deformed surface layer (Fig. 12i,j). The defor-
mation depth is limited to 1-5 um and is more pronounced at edges
where media contact is highest. The observed misorientation and un-
indexed EBSD regions confirm that removal occurs through mechanical
removal of the weakened conversion layer, since purely chemical
dissolution would not produce localized plasticity.

In the final CMP surface (Fig. 12 g,h), the combined chemical me-
chanical process results in a smoother surface with some valleys
remaining and the transformation of tensile into compressive residual
stresses. The smoothing of surface peaks reduces local stress concen-
trations, while the isotropic vibratory action induces a uniform plastic
deformation layer that produces an isotropic compressive strain state.
Altogether, CMP operates as a hybrid process in which chemical
oxidation creates a removable surface film, mechanical rubbing strips
the film and surface peaks, and burnishing removes residual oxide. This
cycle explains the observed reduction in roughness, the presence of a
thin plastically deformed layer, and the redistribution of surface
stresses.
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4. Conclusions

The detailed study of the surface and subsurface effects of CMP on
PBF-LB 316 L stainless steel with the aim to enhance the performance of
inherently rough and complex surfaces produced by PBF-LB is pre-
sented. The impact of scan strategy and resulting surface morphology on
material removal behaviour, microstructure, and residual stress is
shown. While CMP has previously shown promising results in roughness
reduction, its mechanistic interaction with anisotropic as-built features
and its capacity to modify the surface stress state have remained insuf-
ficiently understood. Based on the findings the following conclusions
and recommendations are provided:

e The CMP enables controlled surface material removal by selectively
removing surface peaks, providing topographic uniformity without
altering the surface microstructure. The CMP process reduced the
areal surface roughness (Sa) by approximately 90 %, achieving
values as low as 0.7 um while preserving the underlying grain
structure.

The initial scan strategy and resulting surface morphology were
found to govern the required material removal depth for complete
planarization. Samples built with a 0° scan rotation or without
contour parameters exhibited deeper surface valleys (S10z >
100 um), requiring material removal exceeding 110 um to fully
eliminate roughness features.

CMP further demonstrated its effectiveness as a non-abrasive alter-
native to deformation-based surface treatments by inducing
compressive residual stresses through localized surface plastic
deformation. Residual stress analysis revealed a transition from
tensile stresses of + 340 MPa i