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Abstract. Selective Laser Melting (SLM) technology demonstrates unique advantages in
manufacturing complex thin-walled structures for aerospace and medical device applications, yet
residual stresses during the forming process significantly compromise part accuracy and
performance. This study systematically investigated the influence of geometric features on stress
distribution and deformation mechanisms in thin-walled parts using 316L stainless steel powder
through experiments. Three representative structures - polygonal tubes, elliptical tubes, and conical
tubes - were analyzed, revealing that: polygonal tubes exhibit stress concentration at edges, which
can be effectively mitigated by rounded transitions; elliptical tubes demonstrate a critical curvature
effect where moderate curvature variations enhance precision; and conical tubes with inward-tilted
structures significantly reduce deformation by altering heat accumulation effects. These findings
provide important theoretical guidance for structural optimization of SLM-fabricated thin-walled
components.
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1. Introduction
With the rapid development of aerospace technology, the performance requirements for critical

metal parts in modern aircraft have become increasingly stringent, with lightweight design,
integrated structures, and multifunctional integration emerging as major trends [1,2]. However,
traditional subtractive manufacturing processes face significant challenges in fabricating parts with
complex geometries, e.g., thin-walled cavities, porous lattices. These methods not only suffer from
inherent drawbacks such as low material utilization and time-consuming processing procedures, but
also struggle to achieve high-precision, limiting the development and application of
high-performance parts [3]. In contrast, additive manufacturing (AM) technology effectively
overcomes the geometric constraints on the part of conventional manufacturing processes,
providing an innovative solution for the fabrication of complex structural parts.

Among various AM techniques, selective laser melting (SLM) has become a key process for
manufacturing precision metal parts in aerospace, biomedical, and other high-end fields [4,5].
However, the rapid melting and solidification during the forming process of SLM induce residual
stresses, which often lead to part distortion or even cracking, significantly compromising geometric
accuracy and mechanical properties [6-8]. Existing research showed that process parameters (e.g.,
laser power, scanning speed) [9,10], scanning strategies (e.g., island scanning, interlayer rotation) [11],
and part geometry (e.g., wall thickness, curvature radius) [12-18] all influence the residual stress
distribution and deformation behavior significantly.

In this paper, thin-walled specimens with representative geometries were designed and fabricated
via SLM, followed by quantitative characterization of residual stresses and deformations using
X-ray diffraction and three-dimensional scanning techniques to investigate the effect of geometries
of thin-walled parts on residual stresses and deformations.
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2. Materials and Methods

The experimental material was gas-atomized 316L stainless steel powder (average particle size
27.82 μm, sphericity >0.85), whose excellent corrosion resistance and oxidation resistance meet the
application requirements in fields such as medical devices and marine engineering. Prior to
fabrication, the powder was subjected to vacuum drying at 125°C for 2.5 hours to eliminate the
influence of moisture on forming quality. The primary chemical composition is presented in Tab 1.

Tab 1. Chemical composition of 316L stainless steel powder
Chemical
element C Si Mn Ni Cr Mo S P Fe

Wt% 0.035 0.9 0.42 11.93 16.7 2.02 0.032 0.029 Bal.

The specimens were fabricated using a Renishaw AM250 metal 3D printer (build volume 250 ×
250 × 300 mm, expandable to 360 mm). The machine is equipped with a 400W fiber laser (spot
diameter 70–135 μm) and operates in an argon-protected environment, with a layer thickness of
20–50 μm and a forming accuracy of ± 0.1 mm.

A 67° interlayer rotation scanning strategy was adopted, with detailed process parameters listed
in Tab 2.

Tab 2. Processing parameters used in SLM fabrication
Laser Power

(w)
Layer Thickness

(µm)
Scan Speed
(mm/s)

Hatch Spacing
(µm)

Laser BeamDiameter
(µm)

200 30 1000 100 100

The experimental testing equipment is illustrated in Fig. 1. Geometric deformation were
measured using a structured light scanning system (AICON StereoScan neo 3D), and the point
cloud data were analyzed using Geomagic Qualify software (3D Systems, USA) to evaluate the
deformation. Residual stress was characterized with a X-ray stress analyzer (Pulstec μ-X360s),
employing the Debye ring method to evaluate surface stress. All measurements were performed
after part removal from the build plate to ensure data reliability.

(a) StereoScan neo structured light scanner (b) μ-X360s portable X-ray residual stress analyzer
Fig. 1 Testing equipments

3. Results and Discussions

3.1 Thin-walled polygonal tubes
The first kinds of specimens investigated are tubes with regular polygonal cross-section. The

height and wall thickness of specimens are 40 mm and 0.5 mm, respectively, with the number of
edges of the polygon incrementally increased to approximate a circle with a diameter of 40 mm.

Tab 3 and Fig. 2 present the deformation contour maps and surface profile measurement results
for different thin-walled polygonal tubes, respectively. The experimental results indicate that the
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polygonal tubes generally exhibit an alternating convex/concave deformation pattern on adjacent
surfaces, with maximum deformation concentrated in the central region of each face. As the number
of the sides increases, deformation decreases significantly. The maximum deformation of the
hexagonal and octagonal tubes decreased by 65% and 75%, respectively, compared to the
quadrilateral tube. Note that the deformation of cylindrical tubes increased by 15% compared to the
quadrilateral tube and this phenomenon need to be investigated furthermore.

Tab 3. Surface profile of SLM-fabricated thin-walled polygonal tubes
Cross-section Surface profile

Quadrilateral tube
Hexagonal tube
Octagonal tube
Cylindrical tube

Regular quadrilateral
Regular hexagon
Regular octagon

Circle

1.0374 mm
0.3655 mm
0.2337 mm
1.1273 mm

(a) (b)

(c) (d)
Fig. 2 Deformation distribution contour of SLM-fabricated thin-walled polygonal tubes

Based on the experimental characterization of deformation characteristics of the thin-walled
polygonal tubes, this study selected thin-walled quadrilateral tubes as representative specimens for
residual stress testing. As shown in Fig. 3, the measurement points were distributed in the central
regions of both a convex surface (point1 to 5 in Fig. 3(a)) and a concave surface (point 11 to 15 in
Fig. 3(b)), as well as the side regions of a convex surface (point 6 to 10 in Fig. 3(a)), where the
building direction and the orthogonal direction on the surface are defined as 0° and 90° directions,
respectively.
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(a) (b)
Fig. 3 Residual stress measurement points on the thin-walled quadrilateral tube

The test results shown in Fig. 4 demonstrate that the central region of convex surfaces shown in
Fig. 3(a) is under tensile stress, while the central region of concave surfaces is under compressive
stress, with the maximum stress amplitudes all appearing in the most significantly deformed central
areas. This stress distribution characteristic confirms the mechanism whereby tensile stress causes
convex deformation and compressive stress induces concave deformation. Note that the maximum
stress amplitudes in the side region are significantly higher than those in the central regions.
Although direct measurement of edge stresses was not possible due to the limitation of the testing
instrument, the high stress distribution in the side region verifies the existence of stress
concentration at the edges.

(a) (b)
Fig. 4 Stress components on the surface of the thin-walled quadrilateral tube

3.2 Thin-walled elliptical tubes
In metal additive manufacturing, a significant proportion of thin-walled components possess

curved surface features. Elliptical tubes offer unique advantages as their curvature exhibits
continuously varying characteristics, enabling the incorporation of multiple curvature states within a
single component, making them particularly suitable for characterizing curvature's influence on the
residual stress distribution and deformation characteristics. Therefore, the second kinds of
specimens are thin-walled elliptical tubes. The height and wall thickness of all specimens are 40
mm and 0.5 mm, respectively, with a major axis of 60 mm. Continuous curvature variation was
achieved by progressively reducing the minor axis from 60 mm to 10 mm.

Tab 4 and Fig. 5 present the deformation contour maps and surface profile measurement results
for different thin-walled elliptical tubes. The experimental results demonstrate that while
maintaining a constant major axis, when the minor axis dimension decreases from 60 mm to 40 mm,
a convex deformation occurs at the bottom of the major axis side due to stress release, while the
concave deformation on the minor axis side is alleviated with a 50% reduction in the maximum
deformation. However, when the minor axis dimension is further reduced to 10 mm, a significant
concave deformation zone appears in the middle-lower region of the minor axis side, accompanied
with intensified convex deformation at the bottom of the major axis side, leading to a dramatic
296% increase in the maximum overall deformation. This phenomenon indicates that moderate
curvature variations can improve the geometric accuracy of components, whereas excessive
curvature changes will significantly exacerbate the deformation.

Tab 4. Surface profile of SLM-fabricated thin-walled elliptical tubes
Minor axis Surface profile

Elliptical tube a
Elliptical tube b
Elliptical tube c

60 mm
50 mm
40 mm

0.8240 mm
0.6815 mm
0.4111 mm
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Elliptical tube d
Elliptical tube e
Elliptical tube f

30 mm
20 mm
10 mm

0.5478 mm
0.8169 mm
1.6267 mm

(a) (b) (c)

(d) (e) (f)
Fig. 5 Deformation distribution contour of SLM-fabricated thin-walled elliptical tubes

Based on the experimental characterization of deformation characteristics of thin-walled
elliptical tubes, the thin-walled cylindrical tube and a thin-walled elliptical tube (major axis: 60 mm,
minor axis: 10 mm) are selected as representative specimens for residual stress testing. As shown in
Fig. 6(a), the measurement points for thin-walled cylindrical tubes were distributed in a concave
deformation region (point 1 to 5) and an adjacent convex deformation region (point 6 to 10), while
for the thin-walled elliptical tube, the measurement points are distributed on the major axis side
(point 1 to 5) and minor axis side (point 6 to 10) as shown in Fig. 6(b).

The test result shown in Fig. 7(a) demonstrate that the convex deformation zone is primarily
under tensile stress in the 0° direction, while the concave deformation zone is mainly under
compressive stress in the 90° direction in thin-walled cylindrical tubes. For the thin-walled elliptical
tube, the stress amplitude on the major axis side is significantly higher than that on the minor axis
side as shown in Fig. 7(b). Specifically, the middle-lower region of the major axis side is mainly
under tensile stress in the 0° direction, corresponding to convex deformation at the bottom, while
the middle-upper region is mainly under compressive stress in the 90° direction, leading to concave
deformation at the top. On the minor axis side, the tensile stress in the 0° direction shows a
monotonically increasing trend with height, while the compressive stress in the 90° direction first
increases and then decreases. These results not only verify the general principle that the stress in the
0° direction controls convex deformation while the stress in the 90° direction governs concave
deformation, but also reveal that the stress distribution inhomogeneity caused by curvature
differences is a critical factor affecting the deformation of thin-walled components fabricated by
SLM.
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(a) Cylindrical tube (b) Elliptical tube
Fig. 6 Residual stress measurement points on thin-walled cylindrical and elliptical tubes

(a) Cylindrical tube (b) Elliptical tube
Fig. 7 Stress components in thin-walled cylindrical and elliptical tubes

3.3 Thin-walled conical tubes
The overhang feature inherent in thin-walled conical tubes is commonly observed in various

complex components. Therefore, the third kinds of specimens considered in this paper are
thin-walled conical tubes. The base diameter, height, and wall thickness of all specimens are 60 mm,
40 mm and 0.5 mm, respectively, while with variation of building directions and vertex angles (20°
to 60°).

Tab 5 and Fig. 8 present the deformation contour maps and surface profile measurement result
for different thin-walled conical tubes, respectively. The experimental results demonstrate that there
are significant differences in deformation characteristics between the tubes fabricated with different
building directions. As the vertex angle increases from 20° to 60°, the overall maximum
deformation of thin-walled conical tubes fabricated from the big base to the small base decreases by
30.6% (from 0.9100 mm to 0.6318 mm), while that of the conical tubes turned up-side-down
increases by 64.6% (from 1.4460 mm to 2.3800 mm). This remarkable difference originates from
variations in heat accumulation effects caused by different building directions.

Tab 5. Surface profile of SLM-fabricated thin-walled conical tubes
Cross-section Surface profile

Conical tube a
Conical tube b
Conical tube c
Conical tube d
Conical tube e
Conical tube f

10° inward inclination
20° inward inclination
30° inward inclination
10° outward inclination
20° outward inclination
30° outward inclination

0.8240 mm
0.6815 mm
0.4111 mm
0.5478 mm
0.8169 mm
1.6267 mm



613

Advances in Engineering Technology Research BEMSIC 2025
ISSN:2790-1688 Volume-14-(2025)

(a) (b) (c)

(d) (e) (f)
Fig. 8 Deformation distribution contour of SLM-fabricated thin-walled conical tubes

Based on experimental characterization of deformation characteristics in thin-walled conical
tubes, the conical tubes shown in Fig. 8(c) and (f) are selected as representative specimens for
residual stress testing. As illustrated in Fig. 9, measurement points were distributed across concave
deformation zones and adjacent convex deformation regions of the thin-walled conical tubes.

(a) Inwardly inclined conical tube (b) Outwardly inclined conical tube
Fig. 9 Residual stress measurement points on thin-walled conical tubes

The test results shown in Fig. 10 demonstrate that the inward-tilted conical tube is under
compressive stress, with maximum stress amplitudes occurring in the central region. In contrast, the
outward-tilted conical tube is mainly under tensile stress, with the maximum stress amplitude is
about half of that observed in the inward-tilted one. This difference may be a result of the higher
order deformation the outward-tilted one which means higher level of stress relief.

(a) Inwardly inclined conical tube (b) Outwardly inclined conical tube
Fig. 10 Stress components at 0° and 90° orientations in thin-walled conical tubes



614

Advances in Engineering Technology Research BEMSIC 2025
ISSN:2790-1688 Volume-14-(2025)
4. Conclusions

In this paper, the residual stress distribution and deformation of three kinds of representative
thin-walled structures have been quantitatively characterized with three-dimensional scanning and
X-ray diffraction analysis and we found that:

(1) For polygonal tubular structures, adjacent surfaces exhibited distinct deformation patterns, i.e.
one is convex and the adjacent one is concave. Tensile stress is dominated on the convex deformed
surface, while compressive stress is dominated on the concave deformed surface. Furthermore, the
deformation is reduced by 75% when the number of sides is increased from quadrilateral to
octagonal, confirming the effectiveness of rounded transitions in suppressing deformation.

(2) For elliptical tubes, the deformation characteristics is curvature-dependent. The maximum
deformation is decreased by 50% when the minor axis is reduce from 60mm to 40mm and the major
axis is 60mm, however, when the minor axis is reduced to 10mm, the deformation is increased by
296% . Tensile stress is dominated along the building direction, and compressive stress is
dominated along the orthogonal direction on the surface.

(3) The deformation characteristics of conical tubes is dependent on the building direction. When
the conical tube is fabricated from the big base to the small base, the tube is under compressive
stress, and tensile stress is dominated when the tube is turned up-side-down, resulting in increased
deformation.
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