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A B S T R A C T

Additive manufacturing has enabled the creation of lattice structures with tunable properties, making them
increasingly popular across various industries. However, their fatigue resistance remains a critical concern for
long-term use. While contour scanning, a remelting technique in selective laser melting, improves surface quality
and mechanical properties in tensile specimens, its effect on the fatigue behavior of as-built lattices remains
underexplored. This study characterizes the manufacturing defects and intricate geometry of 316L skeletal
gyroid lattice structures and investigates the impact of contour scanning on their compression-compression fa-
tigue behavior through experimental and numerical approaches. The results show a significant improvement in
high-cycle fatigue endurance due to contour scanning, attributed to enhanced surface smoothness. Cyclic
ratcheting is identified as the dominant fatigue mechanism in both gyroid samples, with and without contour
scanning. Additionally, fatigue life predictions based on finite element analysis, informed by experimental fa-
tigue data and Basquin’s equation, align well with experimental results. This work underscores the importance of
contour scanning in enhancing the fatigue performance of lattice structures.

1. Introduction

Periodic lattice structures, comprised of arranged struts or skeletons,
offer unique properties like lightweight design, high specific stiffness,
and effective acoustic or vibration damping [1,2]. Additive
manufacturing techniques like selective laser melting (SLM) enable
fabrication of complex metallic lattices [3,4], and these structures find
applications in aerospace, automotive, and biomedical fields [3,5].
Triply periodic minimal surfaces (TPMS), with zero surface curvature,
are particularly interesting due to their potential advantages such as
excellent energy absorption and tunable acoustic bandgaps [6,7]. In
general, TPMS structures come in two forms: skeletal structures (filling
the volume surrounded by the minimal surface) and sheet structures
(thickening the minimal surface) [8–10].

While polymeric TPMS structures have been explored, their use is
limited by the low strength and ductility of many polymers with brittle
tendencies [11,12]. This necessitates research into metallic lattice
structures [13,14]. However, complex deformation mechanisms in
metals pose challenges. Experimental studies on the relationship be-
tween mechanical behavior and topology of steel TPMS indicate that
sheet TPMS exhibits stretching-dominated deformation, while skeletal

TPMS shows bending-dominated behavior [8]. Additionally, gyroid
TPMS structures demonstrate superior elastic properties and more stable
responses compared to conventional beam lattices under various loading
directions [15]. Further research on dynamic compression suggests that
sheet gyroid structures with a higher relative density (over 20 %) exhibit
more uniform large deformation under varying strain rates. In contrast,
gyroid structures with a 10 % relative density show significant localized
deformation at the loading points [16].

The prevalence of cyclic loading in engineering applications neces-
sitates a deep understanding of fatigue properties in lattice structures.
Studies have shown that sheet TPMS structures exhibit superior fatigue
performance compared to conventional beam-based lattices [17]. Kelly
et al. fabricated the sheet gyroid structures and demonstrated that in-
ternal pores, strategically introduced through processing parameter
adjustments, act as fatigue crack initiation sites rather than the surface
roughness [18]. Optimizing these parameters to minimize porosity
significantly enhances the fatigue performance of these structures.
Mahmoud et al. analyzed effects of manufacturing defects on the
compressive fatigue behavior of gradient gyroid structures made from
Ti6Al4V, and confirmed that the high fatigue resistance is attributed to
its good plasticity, minimal internal porosity, and smaller surface area
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[19]. For Ti6Al4V gyroid structures with few internal pores, further
research confirmed the role of surface defects in compression fatigue,
demonstrating that crack initiation occurs on rough surfaces. This
roughness leads to stress concentrations, ultimately weakening the
structure’s overall fatigue performance [20].

Beyond highlighting the detrimental effects of defects, researchers
have also explored methods to optimize fatigue performance. Yang et al.
studied the compression fatigue behavior of uniform and gradient
Ti6Al4V gyroid structures, observing a clear improvement in fatigue
performance for the gradient design [21]. Their simulation results sug-
gest that the lower tensile stress, larger surface areas, and larger
microplastic zones in the main load-bearing regions of the gradient
structure contribute to this enhancement. Karami et al. investigated the
effects of three post-processing methods (hot isostatic pressing, sand-
blasting, and chemical etching) on the compression fatigue behavior of
diamond beam-based lattices [22], and revealed that an optimized
combination of these methods led to the highest fatigue resistance.

Metallurgical defects from metal additive manufacturing processes
play a critical role in the fatigue behavior of lattice structures. Advances
in high-resolution, non-destructive computed tomography (CT),
including synchrotron radiation micro-CT (SR-μCT), allow in situ
detection and visualization of fatigue damage in metallic materials
under various conditions [23–25]. For example, Wu et al. used SR-μCT
to investigate high-cycle fatigue in SLM-fabricated Ti6Al4V, revealing
that fatigue cracks often initiate at large surface defects, especially
lack-of-fusion (LOF) defects, which significantly reduce fatigue life [24].
Qian et al. used in situ CT to explore fatigue crack growth in AlSi10Mg,
showing that large, surface-near LOF defects play a dominant role in
crack nucleation and coalescence [25].

The above experimental and numerical studies primarily focus on the
fatigue behavior of lattice structures made from titanium alloys. In
contrast, investigations into the fatigue performance of lattice structures
fabricated from other metallic materials remain relatively limited.
Nickel-titanium (NiTi) alloy, an intermetallic material renowned for its
shape memory effect due to martensite-austenite transformation, has
been employed to produce optimized TPMS lattice structures. Fatigue
characterization of these structures has identified fatigue damage as the
predominant factor influencing their fatigue mechanisms, with fracture
surfaces exhibiting pronounced cleavage steps [26].

316L stainless steel, a face-centered cubic (FCC) austenitic steel, is
widely used in additive manufacturing due to its excellent balance of
strength and ductility. Lattice structures fabricated from 316L exhibit
stable and extended plastic plateaus under large compressive deforma-
tion, in contrast to the unstable plateaus observed in lattices made from
aluminum and titanium alloys [27–29]. This superior compressive per-
formance has drawn attention to the fatigue properties of 316L lattices,
though relevant studies remain sparse. Yang et al. investigated the
enhancement of compression-compression fatigue performance in 316L
gyroid structures fabricated by SLM through sandblasting. This treat-
ment reduced adhered surface defects and introduced a subsurface
compressive stress region, thereby improving fatigue behavior [30].
Given the inevitability of manufacturing defects, optimizing defect dis-
tribution has also emerged as a key research focus for enhancing the
fatigue performance of fabricated 316L lattices.

Recent studies have examined various scanning strategies and their
effects on the microstructure and mechanical properties of SLM-
fabricated specimens [31]. Contour scanning, a surface modification
technique, has been shown to improve density, surface quality, and
mechanical properties in tensile test specimens [32–34]. However, its
impact on fatigue resistance in both as-built bulk specimens and lattice
structures remains largely unexplored. While Plessis et al. acknowledged
the negative impact of rough surfaces without contour scanning on fa-
tigue properties in Ti6Al4V gyroid structures, their study focused on
internal porosity [35]. Their findings highlight the need for further
investigation into the potential benefits of contour scanning, particu-
larly for high surface area structures like gyroid lattices. Given the

strong compressive performance of 316L lattices, more detailed in-
vestigations into the effects of contour scanning and fatigue mechanisms
are essential for supporting their long-term applications.

In this work, we aim to explore effects of contour scanning on the
fatigue property of 316L gyroid skeletal structures fabricated via SLM.
Fabricating dogbone-shaped specimens, inclined struts, fatigue tensile
bars, and gyroid structures, their mechanical behavior and microstruc-
ture are experimentally characterized to elucidate roles of material
properties, surface roughness, and structure geometry on the fatigue of
the gyroid structures. Experimental results demonstrate a remarkable
improvement in the high-cycle fatigue life of gyroid structures with
contour scanning, exhibiting roughly three times the lifespan compared
to those fabricated without it. Cyclic ratcheting is identified as the
dominant fatigue mechanism. Furthermore, by incorporating experi-
mental fatigue life data from fatigue bars and the fitted Basquin’s
equation, finite element analysis successfully predicts the fatigue life of
the gyroid structures without and with contour scanning, demonstrating
good agreement with fatigue testing.

2. Materials and fabrication

Powder particles of 316L stainless steel are used for the SLM process,
and a nominal chemical composition of the powder is listed in Table 1.
The particle size falls in a range between 15 μm and 53 μm. All speci-
mens, including tensile specimens, inclined struts, fatigue tensile bars,
and gyroid TPMS lattice structures (Fig. 1a), are fabricated using an
SLM® 125HL machine (SLM Solutions Group AG, Germany) with the
SLM chamber filled with high purity argon atmosphere to prevent
powder oxidation during manufacturing. A stainless steel substrate plate
is used and preheated to 200 ◦C. Each powder layer is applied with a
thickness of 30 μm, and the scanning direction is rotated by 33◦ between
layers. The scanning pattern for each layer is divided into stripes, filled
using a zigzag hatch approach. For contour scanning, a single contour
pass is applied for each layer without overlap or gaps between the
contour and the end of the hatch track. The primary manufacturing
parameters for hatch scanning are optimized to minimize porosity in
bulk parts, with a laser power of 200 W, a scanning speed of 800 mm/s,
and a hatch spacing of 120 μm. In contour scanning, the laser power and
scanning speed are adjusted to 100 W and 400 mm/s, respectively, to
remelt the slice boundary and improve surface quality. A summary of
these manufacturing parameters is provided in Table 2.

In this work, we aim to understand the fatigue property of the gyroid
TPMS lattice structures with as-built rough surfaces, and our experi-
ments detailed in following discussion indicate that fatigue failure oc-
curs on ligaments of the lattice structures. To elucidate roles of
mechanical properties of materials, surface roughness, and structure
geometry on the fatigue behavior of the gyroid structures, several
components are fabricated. The dogbone-shaped tensile specimens are
cut from the SLM-fabricated block specimens and are used to obtain the
tensile true stress-strain curve in uniaxial tensile tests. The inclined
struts are used to characterize the surface roughness and microdefects.
The fatigue tensile bars and gyroid structures are used in fatigue ex-
periments. Based on mechanical properties of the tensile specimens,
finite element analysis is performed to determine the true stress response
in the gyroid structures. Combined with fatigue properties of tensile
bars, fatigue endurance cycles of the gyroid structures are estimated. All
specimens are in their as-built states, and no heat treatments are applied.

To reveal the effects of surface appearance on the fatigue of the SLM-
fabricated specimens, two different scanning strategies are used: (1)
stripe scanning and (2) stripe scanning followed by contour scanning
(Fig. 1b). These two scanning strategies are applied for inclined struts,
fatigue tensile bars, and gyroid TPMS lattice structures. No contour
scanning is applied for the SLM-fabricated block specimens. All fabri-
cated specimens are cleaned in an ultrasonic bath before mechanical
testing.

The lattice structure in this work is generated from the Schoen’s
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gyroid TPMS and its shape is described by the following implicit surface
representation
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where L is the unit cell size and the parameter c regulates the volume
surrounded by the gyroid surface. In this study, L= 4 mm and the gyroid
unit cell is of relative density 20 % with c = 0.902. The lattice sample
consists of a 5× 5× 5 array of unit cells, resulting in a lateral dimension
of 20 mm × 20 mm.

3. Mechanical and morphological characterizations

3.1. Uniaxial tensile testing with dogbone-shaped specimens

To determine the mechanical properties of the 316L stainless steel,
dogbone-shaped tensile specimens, cut from the SLM-fabricated block
specimens, are used in tensile tests for true stress-strain curves. The
uniaxial tensile tests at room temperature of three dogbone-shaped ten-
sile specimens are performed at a nominal strain rate of 5× 10–4 s–1 using

an electromechanical tensile testing machine (CMT4204, MTS). The
loading direction is parallel to the building direction. The true stress-
strain curves are shown in Fig. 2. Values of mechanical properties of
316L stainless steel, such as Young’s modulus E of 180 GPa and yield
strength of 522 MPa, from Fig. 2 are then used in the later finite element
simulations to determine the true stress and strain fields of deformed
lattice structures.

3.2. Surface roughness characterization of inclined struts

Due to the challenge of directly quantifying the surface roughness of
TPMS structure ligaments, we address this limitation by constructing
inclined struts with an identical inclination angle (the angle between the

Table 1
Nominal chemical composition of the 316L stainless steel powder (wt. %).

Cr Ni Mo Mn Si O C P S Fe

16.67 10.59 2.64 0.7 0.28 0.063 0.013 0.009 0.004 Balance

Fig. 1. Schematics of laser scanning strategies used for the specimen fabrication by SLM (a,b) and cyclic loading (c). (a) Illustration of SLM-fabricated specimens
considered in this work, including dogbone-shaped tensile specimen (in red) cut from SLM-fabricated blocks of rectangular cross-sections, inclined struts of roughly
elliptical cross-sections, fatigue tensile bars of circular cross-sections, and gyroid TPMS lattice structures. The lattice structure is composed of 5 × 5 × 5 unit cells. (b)
Scanning strategies: stripe scanning and stripe scanning (yellow lines) followed by contour scanning (red lines). (c) Sinusoidal cyclic loading from a tensile stress on
fatigue bars to a nominal compressive stress on gyroid structures (Δσ, stress range; σa, stress amplitude; σmax, maximum stress; σmin, minimum stress; R, stress ratio).

Table 2
Main processing parameters for SLM-fabricated specimens.

Laser power Scanning speed Hatch spacing

Stripe scanning 200 W 800 mm/s 120 μm
Contour scanning 100 W 400 mm/s 90 μm

Fig. 2. True stress-strain (σt-εt) curves of three SLM-fabricated 316L specimens
with a Young’s modulus E of 180 GPa and yield strength of 522 MPa.
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strut axis and the building platform plane, 45◦ angle in Fig. 1a) to that of
the TPMS ligaments of comparable size. We then conduct surface
roughness characterization on these inclined struts for estimating the
ligament surface roughness. Nomechanical testing is performedwith the
struts. Surface morphologies of the struts and gyroid specimens are
imaged using Quanta 200F and Nova Nano 430 scanning electron mi-
croscope (SEM) (FEI, USA) under 10 kV~20 kV. Additionally, surface
defects of the inclined struts are characterized using a high-precision CT
system (SkyScan 1272, Bruker Corporation, Belgium) operated at 100 kV
and 80 μA. For each specimen, projections are collected at 0.3◦ in-
crements over a 180◦ rotation, with an exposure time of 3.46 s per pro-
jection. The resulting tomography dataset, with
892×892×1040 voxels and an isometric voxel size of 3 μm, captures the
entire 3 mm gauge length of each strut. Grayscale radiographs are
reconstructed using the filtered back projection algorithm, followed by
3D median filtering for noise reduction and interactive thresholding for
segmentation. The volume-rendered data allows visualization and
detailed analysis of surface defect distributions.

Fig. 3a,b shows surface geometries of two inclined struts recon-
structed with CT detection results. The strut without contour scanning
has ahigher roughness in comparisonwith thatwith contour scanning. To

further quantify the surface roughness, surface profiles of the longitudi-
nal sections are extracted at 10◦ intervals around the struct circumfer-
ence, with representative profiles shown in Fig. 3c. In total, 36 surface
profiles are obtained for each strut. The arithmetic average roughness Ra
(mean height of a profile line) and themaximum peak-to-valley height Rt
(difference between the maximum andminimum profile heights) [36] of
each strut are calculated based on these surface profiles. For the strut
without contour scanning,Ra= 23.30 μmandRt= 155.3 μm; for the strut
with contour scanning, both average roughness andmaximumheight are
reduced (Ra = 17.88 μm and Rt = 124.2 μm). Deviations of the average
roughness and maximum height, with Ra and Rt as the baselines, are
illustrated in Fig. 3d, indicating that the surface roughness of individual
profiles is more uniformly distributed with smaller deviations when
contour scanning is applied.

3.3. High-cycle fatigue testing with fatigue bars

For the fatigue tensile bars, high-cycle fatigue tests are conducted
utilizing an electronic testing device (Instron ElectroPlus E1000, USA)
via a sinusoidal tensile loading at a frequency of 30 Hz and a stress ratio
R (the minimum stress divided by the maximum stress) of 0.1. The

Fig. 3. (a,b) Surface reconstruction from CT scans of the struts without and with contour scanning. (c) Height profiles of selected longitudinal sections of the struts.
(d) Profile deviations from the baselines.

L. Huang et al. International Journal of Mechanical Sciences 286 (2025) 109913 

4 



fatigue life is defined as cycle counts for the complete rupture of the
fatigue tensile bars [37]. With knowledge of fatigue properties of the
fatigue tensile bars from experiments, the fatigue life prediction of
gyroid lattice structures could be performed.

Fig. 4 shows the fatigue life cycles of the tensile bars without and
with contour scanning at a stress ratio R = 0.1. The tensile bars with
contour scanning exhibit higher fatigue cycles in comparison with those
without contour scanning, indicating that contour scanning indeed en-
hances the fatigue property of the as-built samples. Fractography is
conducted to reveal the mechanisms underlying the fatigue crack initi-
ation and propagation (Fig. 5). For tensile bars without and with contour
scanning, fatigue cracks in the loading regime of the high-cycle fatigue
originate from surface defects regardless of the applied nominal stress.
Initial surface defects, marked with dashed lines in Fig. 5, indicate that
opening notches and partially melted powders on the bar surfaces or
sub-surfaces act as initiation sites for fatigue cracks. The crack initiation
regions in the tensile bars with contour scanning have more regular
shapes like narrow stripes parallel to the surface contour. In contrast, the
crack initiation regions of the bars without contour scanning have sharp
corners, indicating that the notches facilitate the crack initiation and
reduce the fatigue resistance. Moreover, the crack initiation induced by
the internal pores is not observed for all fatigue tensile bars, suggesting
that surface defect is the decisive factor in determining the fatigue life of
tensile bars here.

4. Microstructural characterization and fatigue properties of the
gyroid TPMS lattice structures

In Section 3, we have estimated mechanical properties of SLM-
fabricated 316L components, surface roughness of ligament-shaped
struts, and fatigue properties of bar-shaped components, and several
components are characterized. Now we investigate microstructure and
fatigue properties of the SLM-fabricated gyroid TPMS lattice structures.

4.1. Surface morphologies

Fig. 6 shows SEM images of surfaces of the lattice structures with and
without contour scanning, on which significant accumulation of metallic
powders, including partially melted ones, could be observed. The lattice
structures without contour scanning have more surface microcracks and
voids in comparison with these with contour scanning. As shown in
Fig. 6d-f (the rightmost column), some accumulated or unmelted par-
ticles still exist on the strut surfaces with contour scanning. The staircase
effect, characterized by a ladder-like appearance resulting from distinct
boundaries between adjacent layers during layer-by-layer construction,
is visible in Fig. 6f for the structures with contour scanning, where mild
powder accumulation is present [38]. Overall, the surface quality of the

gyroid lattice structures is significantly improved with contour
scanning.

To further evaluate the surface features of the lattice structures, CT
dimensional measurements and reconstruction of unit lattice cells are
conducted with nanoVoxel-3000 (Sanying Precision Instruments Com-
pany, China). The CT system is operated at 150 kV with a tube current of
60 μA, collecting 1440 projections over a 360◦ rotation with an exposure
time of 0.35 s per scan. The resulting tomography data, processed and
visualized with a resolution of 2400 × 2400 × 2200 voxels and an iso-
metric voxel size of 3.15 μm (Fig. 7a,b), reveals rough surfaces with
powder accumulation and no structure distortion, consistent with SEM
results in Fig. 6. The lattice structures without contour scanning have
more severe powder accumulation in comparison with these with con-
tour scanning, as marked by red elliptic circles. With the surface devi-
ation extent quantified using the nearest neighbor distance between the
CT-based point data and the ideal model, Fig. 7c,d shows the contour
difference between the designed ideal model and the reconstructed
surface of the unit cells, with red and blue regions indicating the over-
size and downsize defects of the reconstructed model, respectively. As
indicated in Fig. 7c,d, the unit cell with contour scanning exhibits su-
perior geometrical consistency with the ideal model in the inclined
struts, in contrast to the unit cell without contour scanning. Statistical
distributions of the surface deviations resemble the Gaussian distribu-
tion and the unit cell with contour scanning has a more concentrated
distribution (Fig. 7e,f). For the unit cells without and with contour
scanning, the statistical surface areas are 102.9 mm2 and 78.9 mm2,
respectively, in contrast to the ideal surface area 59.8 mm2, suggesting
the surface without contour scanning exhibiting more roughness.

For the gyroid structures examined in this study, maximum geo-
metric deviations are observed around the overhanging regions in both
cases, with and without contour scanning. Since the bulk material has
substantially higher thermal conductivity than the surrounding loose
powder, heat accumulation in overhanging areas results in the forma-
tion of larger melt pools [39]. These pools transport partially melted
particles from prior layers, leading to pronounced surface distortions. In
horizontal overhanging regions, surface defects appear oversized but
have minimal impact on mechanical performance, as they are located in
struts oriented perpendicularly to the loading direction. In contrast,
inclined struts with down-facing areas exhibit more significant surface
defects, particularly in the absence of contour scanning, where these
distortions may deteriorate mechanical properties and serve as fatigue
crack initiation sites in the gyroid lattice. Additionally, due to the
layer-wise fabrication and powder-based raw materials, some surface
roughness and deviation from the ideal model are inherent in both cases.
However, the up-facing areas in inclined struts without contour scan-
ning show greater surface deviations, which further contribute to a
reduction in both mechanical strength and fatigue performance.

4.2. Porosity analysis

The fatigue performance of additively manufactured parts is sensi-
tive to surface defects and interior pores, as these defects usually
contribute to the initiation and propagation of fatigue cracks. For the
analysis of the unit cell porosity, volume rendering visualization based
on the CT-reconstructed model is used (Fig. 8). To reduce image noise,
only pore defects with volume larger than 10 voxels (312 μm3) are
examined [40]. It is shown that internal pores (red dots in Fig. 8),
including lack of fusion defects and gas pores, are few and almost
inevitable in the SLM-fabricated unit cells. Moreover, pore defects are
mainly located near the strut surfaces. A total of 144 and 127 pore de-
fects are detected for the unit cells without and with contour scanning,
respectively. The volume porosity is smaller than 0.01 %. As the laser
turns around at the slice boundary, the repeated heating of the track end
usually results in the keyhole phenomenon and material evaporation
[41], which coincides with the porosity distribution from the
CT-reconstructed models.

Fig. 4. Tensile cycles to failure of the tensile bars without and with contour
scanning at a stress ratio R = 0.1.
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4.3. Microstructure characterization

Our fatigue testing (discussed later in Section 4.4.2) reveals that
fracture in the lattice structures primarily occurs at the inclined struts.
To explore the role of strut microstructure in the fatigue performance of
gyroid lattice structures, electron backscattered diffraction (EBSD)
measurements are employed for microstructural characterization of the
inclined struts from the fabricated gyroid unit cells shown in Fig. 7. In
Fig. 9a,b, EBSD orientation maps of the inclined struts (the struts circled
on the right in Fig. 7a,b) reveal coarser grains primarily within the strut
interiors, while finer grains are observed near the strut surfaces.
Orientation pole figures indicate an absence of clear texture along the

building direction in both samples (Fig. 9a,b). The 33◦ angle of scanning
direction between adjacent building layers contributes to mitigating
strong texture along the building direction, and the inclination of struts
further reduces texture intensity [30,42]. Due to the lack of a strong
texture, the material is treated as isotropic in numerical simulations in
Section 5. Statistical distributions of grain size from the EBSD orienta-
tion maps show that struts without and with contour scanning share
nearly identical grain size distributions (Fig. 9c). This suggests that
contour scanning does not induce significant microstructural differ-
ences, and microstructure may not be the primary factor influencing the
fatigue performance discrepancy between gyroid samples without and
with contour scanning.

Fig. 5. SEM images of fatigue crack initiation regions on fracture surfaces of the tensile bars without contour scanning (a) and with contour scanning (b) under
different values of the maximum applied nominal stress σmax. Dashed outlines indicate initial surface defects. Scale bars, 100 μm.

Fig. 6. SEM images of surface morphologies of the gyroid lattice structures without (left two columns) and with (right two columns) contour scanning. (a,d) Top
view, (b,e) bottom view, and (c,f) side view.
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4.4. Mechanical properties

Uniaxial compressive tests and compression-compression high-cycle
fatigue tests are conducted on gyroid lattice structures, with the loading
direction parallel to the building direction, utilizing the MTS servohy-
draulic test systems (MTS model 370.10 load frame). In the uniaxial

compressive tests, a displacement rate of 1.2 mm/min is employed. In
the fatigue tests, the cyclic loading of constant frequency 20 Hz and
stress ratio R= 0.1 is adopted. The end of each fatigue test is determined
by monitoring nominal compressive strain via a displacement gauge.
When a nominal compressive strain of 12.5 % is reached, a significant
reduction in stiffness (over 85 % compared to the initial loading

Fig. 7. (a,b) CT-reconstructed surfaces for the as-built unit cells, (c,d) contours deviation between the ideal model and as-built unit cells, and (e,f) statistical dis-
tributions of surface deviations with the mean value (M) and standard deviation (SD). (a,c,e) for the case without contour scanning and (b,d,f) for the case with
contour scanning. (a,b) are based on grayscale images with an isometric voxel resolution of 3.15 μm.

Fig. 8. Volume rendering visualization of unit cells without (a) and with (b) contour scanning. Red regions, internal pores.
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stiffness) is observed, along with coalescence of fatigue cracks and
rupture of the inclined struts. Under these conditions, the samples are
considered to have failed. If failure does not occur, the maximum
loading cycle is capped at 2 × 106 (run-out limit). Therefore, in this
study, the fatigue life of the gyroid structures is defined as the number of
cycles required to reach a nominal compressive strain of 12.5 %, and the
fatigue strength is defined as the maximum nominal stress σmax applied
in the fatigue cycles over 2 × 106. In the following experimental anal-
ysis, the nominal compressive stress for a lattice sample is defined as the
compressive force divided by the cross-sectional area of the entire gyroid
sample perpendicular to the loading direction, which is
20 mm × 20 mm.

4.4.1. Compressive properties
Quasi-static compressive tests are first carried out on the gyroid

samples of a relative density 20 % to analyze possible discrepancies be-
tween samples without and with contour scanning. Representative
nominal compressive stress–strain curves for the gyroid samples without
contour andwith contour are shown in Fig. 10. The nominal stress–strain
curves are divided into three regions, a linear elastic region, a long stress
plateau and a densification region. As the 316L stainless steel possesses
excellent plasticity (Fig. 2), the long plateau remains stable without
sudden drops. No obvious strut fractures are observed even in the
densification region, different from the compressive process of AlSi10Mg
lattices [43]. From thenominal stress–strain curves, the effectiveYoung’s
modulus as the curve slope in the elastic region, the traditional 0.2 %
offset yield strength, and the plateau stress as the arithmetical average of
the corresponding nominal stresses between 20 % and 40 % nominal
compressive strain can be determined. In comparison with gyroid sam-
ples without contour scanning, the samples with contour scanning are of
around 30 % higher in the yield strength, 19.8 % higher in the plateau
stress. The effective Young’s modulus is around 1.1 GPa for the gyroid
samples without and with contour scanning. The improved plastic
plateau in the gyroid sample with contour scanning can be attributed to

the improved damage tolerance from the surface modification.

4.4.2. Fatigue properties
Fig. 11a,b presents the hysteretic nominal stress–strain curves for

gyroid samples, both without and with contour scanning, under a
maximum nominal stress of 16.25 MPa. The gradual rightward shift
along the nominal strain axis with increasing cycle number in both
samples reveals ratcheting or cyclic creep, a behavior in which plastic
deformation accumulates due to asymmetric cyclic mechanical stress.
Cyclic ratcheting refers to the progressive accumulation of nominal
strain within lattice structures due to the cyclic plastic bending of struts,
primarily driven by the applied non-zero mean stress during cyclic fa-
tigue [44,45]. Despite the applied nominal stress being lower than the
nominal yield strength of the structure (Fig. 10b), the von Mises stress in
certain struts may approach or even exceed the yield strength of 316L
material due to the complex geometry and distribution of defects, which
accelerates the nominal strain growth rate of the structure and results in
localized plastic deformation in these struts. As fatigue cycles increase,
this plastic deformation gradually accumulates, leading to the onset of
ratcheting behavior.

Additionally, reduction in secant modulus for both curves reflects
fatigue crack initiation and propagation during cyclic loading [45–47].
The conspicuous rightward shift in the hysteretic curves for the gyroid
sample without contour scanning occurs at the beginning of cyclic
loading (Fig. 11a), while the same shift in the gyroid sample with con-
tour scanning becomes visible after 105 loading cycles (Fig. 11b). The
degradation of the secant modulus is notable after 105 cycles for the
hysteretic curves without contour scanning and after 4 × 105 cycles for
the curves with contour scanning. To differentiate the effects of cyclic
ratcheting and fatigue crack growth in the struts during cyclic
compression, the nominal cyclic ratcheting strain (or creep strain) and
fatigue damage strain are derived in Fig. 11c,d, following the method
proposed in Ref. [48]. The nominal cyclic ratcheting strain εrat and fa-
tigue damage strain εdam are defined, respectively, as

Fig. 9. Orientation maps and orientation pole figures of gyroid samples without (a) and with (b) contour scanning taken from the building direction. (c) Grain size
distributions of the gyroid samples.

Fig. 10. (a) Representative nominal compressive stress–strain curves of gyroid lattice samples without and with contour scanning. (b) Structure yield strength and
plateau stress extracted from the nominal stress–strain curves shown in panel (a).
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εrat = εmin,c − εmin,r and εdam = εmax,c − εmax,r − εrat,

where εmin,c and εmax,c are the nominal minimum and maximum strains
in the current loading cycle (e.g., N= 2.5× 105), respectively, εmin,r and
εmax,r are the nominal minimum and maximum strains in the reference
loading cycle (N = 200), respectively.

The fatigue mechanisms of metallic lattice structures have been
extensively studied in aluminum, titanium, and steel lattices, revealing
two main mechanisms of fatigue failure: cyclic ratcheting and fatigue
crack initiation and propagation within the lattice struts. It is reported
that compression-compression fatigue in aluminum foams is dominated
by strain accumulation through material ratcheting at cell edges,
without involvement of cell-edge cracking [44]. However, recent studies
on additively manufactured titanium and steel lattices have shown that
both cyclic ratcheting and fatigue crack initiation and propagation
contribute to fatigue failure behaviors [30,47]. Therefore, the impact of
cyclic ratcheting and fatigue damage on fatigue properties depends on
the cell structures and the metals used.

As shown by the decoupled nominal strains in Fig. 11c,d, both
nominal ratcheting and damage strains exhibit two distinct stages:
steady growth and rapid growth. During the steady growth stage, cyclic
ratcheting, induced by asymmetric stress cycling (i.e., non-zero mean
stress), plays a primary role in the fatigue process, as nominal ratcheting
strains are significantly higher than nominal damage strains in both
samples. In the rapid growth stage, however, fatigue damage becomes
prominent alongside the cyclic ratcheting mechanism, suggesting that
fatigue crack propagation in the gyroid samples substantially reduces
the structural load-bearing capacity. Overall, cyclic ratcheting emerges
as the more significant contributor throughout the fatigue process in
these gyroid structures. The onset of rapid growth in both ratcheting and
damage strains occurs at a lower cycle count in samples without contour
scanning compared to those with contour scanning, indicating that
contour scanning significantly enhances fatigue performance.

A prominent feature of metallic cellular structures under compres-
sive cyclic loads is the accumulation of nominal compressive strain [46].
In Fig. 12, the profiles of nominal strains (maximum nominal strain of
each hysteretic curve) for gyroid samples under cyclic loads can be

roughly categorized into three stages: initial increase in nominal strain
within the early cycles (N < 200), sustained and more gradual nominal
strain growth over an extended cycle period, and abrupt nominal strain
accumulation leading to fatigue failure. In the gyroid samples without
contour scanning and subjected to high nominal stress surpassing the
yield strength of the lattice structures, the distinction between the first
and second stages is less apparent. With increasing cyclic nominal stress,
the cycle number (NT) corresponding to the transition from the second to
the third stage decreases and fatigue life decreases. Under the same
nominal stress, the nominal strain during the steady growth stage for the
samples without contour scanning is lower than that for the samples
with contour scanning, suggesting that contour scanning enhances
compressive deformation resistance.

With knowledge of the relationship between the nominal strain ε and
cycle number N, the nominal strain growth rate, dε/dN, between the
200th cycle and the point NT can be determined for the gyroid samples
under various maximum nominal stresses (Fig. 13a). The value of dε/dN
increases with increasing maximum nominal stresses in the cyclic
loading. Under the same maximum nominal stress, the samples with
contour scanning exhibit a notable reduction in dε/dN, approximately
by an order of magnitude compared to the samples without contour
scanning. This observation substantiates that the samples with contour
scanning possess superior fatigue performance. In Fig. 13b, the
maximum nominal stress versus fatigue life illustrates that the fatigue
life increases as the nominal stress decreases. Lowering the nominal
stress to a specific value results in the fatigue life reaching a limit, cor-
responding to a loading cycle capped at 2× 106 (run-out limit). A similar
tendency is observed with the fatigue life results for the fatigue tensile
bars (Fig. 4). The fatigue life of the samples with contour scanning is
substantially improved, highlighting the significant role of surface
modification in enhancing fatigue properties of metallic gyroid
structures.

Fig. 14 demonstrates macroscale failure behavior of the gyroid sam-
ples without and with contour scanning during the compressive fatigue
process. At the maximum nominal stress of 13.5MPa, the gyroid samples
without contour scanning show clear 45◦ fracture bands in the inclined
struts; the gyroid sampleswith contour scanning, in some instances, show

Fig. 11. (a,b) Hysteretic nominal stress–strain curves for gyroid samples without and with contour scanning. (c,d) Corresponding nominal ratcheting strains and
fatigue damage strains. N, loading cycle number.
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Fig. 12. Nominal strains plotted against loading cycle numbers for samples without (a) and with (b) contour scanning under cyclic nominal compressive stresses of
13.5 MPa, 16.2 MPa, 19.0 MPa, and 21.6 MPa.

Fig. 13. (a) The nominal strain rates under various nominal stresses. (b) The fatigue life cycles versus nominal stresses for the gyroid samples without and with
contour scanning.

Fig. 14. Macroscopic failure behavior of the gyroid samples without and with contour scanning under compressive cyclic loads.
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no apparent cracks at the run-out cycles (2 × 106), indicating that this
maximumnominal stress serves as the fatigue strength.However, in other
cases, the gyroid samples with contour scanning do exhibit clear 45◦

fracture bands in the inclined struts before reaching the run-out cycles. At
the maximum nominal stress of 19.0 MPa, 45◦ fracture bands are
observed in all samples. At a higher loading level (e.g., 21.6 MPa), the
gyroid sample without contour scanning does not display 45◦ fracture
bands; instead, it shows accumulated plastic deformation and local
cracking of inclined struts, while the gyroid sample with contour scan-
ning still exhibits the presence of fracture bands. This difference can be
attributed to the improved plateau stress of the sample with contour
scanning.

These observed failure behaviors somehow align with previous
studies that identified a complex stress state—including tensile, shear,
and torsional stresses—distributed around the oblique struts, leading to
various fracture modes (I, II, III, and mixed-mode) in Ti6Al4V gyroid
structures under compressive cyclic loading [21].

Fig. 15 shows that strut cracks initiate from surface irregularities,
emphasizing the role of surface properties in determining fatigue per-
formance. Overall, the struts in the sample with contour scanning
display blunter notched regions for the crack initiation (Fig. 15d,e),
compared to the struts without contour scanning (Fig. 15a,b). In the
present study, crack initiation induced by the internal pores has not been
observed, further emphasizing the significance of surface conditions for
fatigue failure. Fig. 15c,f depicts the entire fracture surfaces of the struts,
showcasing fatigue propagation and final rupture regions. The river

patterns, reflective of fatigue crack propagation under cyclic loads, are
observed.

5. Finite element analysis (FEA) of fatigue properties of lattice
structures

To efficiently assess the fatigue behavior of the gyroid structures, FEA
is performed on a single gyroid unit cell (Fig. 16). Thematerial properties
employed in the FEA model are Young’s modulus E of 180 GPa, Poisson
ratio of 0.3, and an isotropic hardeningmodel. In the isotropic hardening
model, theflow rule obeys dεpl =3S/

(
2σeq

)
dεpl, where S is the deviatoric

stress tensor, σeq = [(3/2)S : S]1/2 is the von Mises equivalent stress, and

dεpl =
[
(2/3)dεpl : dεpl

]1/2 is the scalar equivalent plastic strain ratewith
dεpl as the plastic strain rate tensor. The yield condition in the isotropic
hardening model is σeq = q

(
εpl

)
, where q is the hardening function of the

scalar equivalent plastic strain εpl =
∫
dεpl. For uniaxial loading, the

above yield condition simplifies to σt = q(εp) with the uniaxial true
plastic strain εp = εt – σt/E. By interpolating the uniaxial true stress-true
strain (σt-εt) curve in Fig. 2, the hardening function q is determined.
Then the evolution of the true plastic strain and stress components in the
gyroid unit cell is studied with FEA. The gyroid unit cell, with a size of
4 mm, is discretized using tetrahedral elements with an average size of
0.04mm,which is significantly smaller than theminimum strut diameter
of 1 mm. The mesh consists of over 9× 105 elements, ensuring sufficient
density to accurately capture themechanical response of the structure. As

Fig. 15. (a,b), (d,e) Crack initiation regions of the struts of the gyroid samples without and with contour scanning. (c,f) Fracture surfaces of the struts. Fatigue
initiation sites are indicated by solid yellow lines, while boundaries between the fatigue propagation and final rupture regions are marked with dashed yellow lines.
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a result, element convergence analysis is not included in this study. Pe-
riodic boundary conditions for the displacements are applied to the unit
cell in all three dimensions to simulate a continuous structure. In the case
of uniaxial loading, only loading along the z-direction is applied.

Under uniaxial compression along the z-direction at 19 MPa (applied
force divided by the unit cell’s lateral area), Fig. 16a illustrates the stress
distribution for the gyroid unit cell using stress triaxiality (σm/σeq, ratio
of hydrostatic pressure σm to the von Mises equivalent stress σeq). Blue
regions indicate dominant compression, green represents generalized
shear, and yellow and red highlight localized tensile states at strut
junctions and inclined struts. Furthermore, Fig. 16b shows the distri-
bution of the corresponding maximum principal stress σ1, confirming
these localized tensile stresses. This distribution, when compared to
failure behavior in Fig. 14, suggests that the inclined struts experiencing
the highest tensile stresses are most vulnerable to initiating collapse of
the entire structure.

The fatigue life of the gyroid structure under compression is predicted
based on the simulatedmaximumprincipal stress distribution in Fig. 16b.
The classical Basquin’s equation relates the stress amplitude σa (Fig. 1c)
and fatigue life Nf as [49]

σa = C1NC2
f , (1)

where C1 and C2 are material constants. Here values of C1 and C2 are
obtained from the fatigue data for tensile bars in Fig. 4 (C1 = 4622 MPa
and C2 = –0.286 without contour scanning; C1 = 1628 MPa and
C2 = –0.182 with contour scanning). With knowledge of C1 and C2, the
fatigue life of the gyroid structure upon compression at the stress ratio
R = 0.1 can be determined using Eq. (1), once the value of σa is deter-
mined. As the local tensile stress is detrimental to the fatigue resistance,
here in the static compression FEA simulations for the gyroid structures,
σa is taken as half the range of the maximum principal stress in the cell,
that is, σa = [σ1(σmax) – σ1(σmin)]/2. Here, σmax and σmin denote the
applied maximum and minimum nominal stresses in the FEA simula-
tions, respectively, which correspond to the peak and valley stresses in
the fatigue loading curve in Fig. 1c when Eq. (1) is used.
At σmax = 21.6 MPa, 19 MPa, 16.25 MPa, and 13.5 MPa with R = 0.1 for
the gyroid cells, corresponding values of the stress amplitude in the cells
are σa = 178.5 MPa, 160.7 MPa, 132.4 MPa, and 105.9 MPa, respec-
tively. Fig. 17 exhibits the predicted fatigue life cycle of the gyroid
structure estimated using Eq. (1), which shows good agreement with the
experimental results from Fig. 13b.

The numerical predictions using the principal stress method confirm
the validity of assessing gyroid lattice fatigue resistance based on the
fatigue properties of standard as-built specimens (fatigue bars). This
approach eliminates the need for dedicated gyroid fatigue testing. As
Fig. 17 demonstrates, contour scanning is an effective method for
improving the fatigue performance of gyroid structures by minimizing

surface defects.

6. Further discussion

6.1. Enhancement of contour scanning

The layer-by-layer fabrication process with 33◦ rotation angle be-
tween layers inherently creates micronotches at the interface between
neighboring layers due to the complex gyroid geometry. These sharp
notches act as stress concentrators and can significantly reduce fatigue
life. Border melting introduced by contour scanning smoothens these
notches, significantly improving surface quality. As confirmed by the
experimental results and simulations in Sections 3-5, the dominant
factor for the enhanced fatigue properties of gyroid structures is this
surface modification, rather than changes in microstructure. Our find-
ings show that gyroid structures fabricated with contour scanning
exhibit roughly three times longer fatigue life compared to those
without (Fig. 17). This aligns with observations of the detrimental effect
of surface notches on fatigue performance in additively manufactured
Ti6Al4V thin-walled tubes [50].

Based on a simplified beam model, the cyclic damage is dD/dN,
where D = 1 – E*/E is the scalar damage parameter with E* and E
representing the Young’s moduli of the damaged material and the un-
damaged material without cracks, respectively. This relationship allows
the cyclic damage to the gyroid struts under fatigue loading to be
formulated as [47]

dD
dN

=
1
εf
d
(
εc + εp

)

dN
.

Fig. 16. Stress distribution in the gyroid unit cell under uniaxial compression (z-axis) at 19 MPa. (a) Stress triaxiality σm/σeq and (b) maximum true principal
stress σ1.

Fig. 17. Experimental results (from Fig. 13b) and FEA-based predictions of
fatigue life cycles of the gyroid structure.
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Here, εf is the ductility of the undamaged constituent material, while εc
and εp represent the cyclic ratcheting strain and cyclic plastic strain in
the struts, respectively. The cyclic ratcheting strain per cycle dεc/dN is
derived using a creeping-beam model as [30,44]

dεc
dN

= C1(1 − R)p
0.6
n+ 2

[
1.7(2n+ 1)

n
σLT
σ0

]n

ρ(3n+2)/2,

where R is the stress ratio, ρ is the relative density of the gyroid struc-
ture, σLT is the local maximum tensile stress in the strut, and C1, p, n, and
σ0 are positive material constants. The cyclic plastic strain per cycle dεp/
dN is derived from the Coffin–Manson law as [47]

dεp
dN

= C2εy
(σLT

ρ2
)m

,

where εy is the monotonic yield strain of the undamaged constituent
material, and C2 and m are positive material constants. Consequently,
the cyclic damage dD/dN is redefined as [30]

dD
dN

=
1
εf

{

C1(1 − R)p
0.6
n+ 2

[
1.7(2n+ 1)

n
σLT
σ0

]n

ρ(3n+2)/2+C2εy
(σLT

ρ2
)m

}

.

This refinement reveals that cyclic damage accelerates with an in-
crease in the local tensile stress within the structure, thereby promoting
fatigue crack propagation. With the contour scanning, the maximum
tensile stress on the rough surfaces of the gyroid structure can be miti-
gated, which in turn slows surface crack propagation and enhances fa-
tigue performance.

6.2. Mechanical field

Under compressive loading, lattice struts typically undergo buckling
and bending deformations. The ratcheting nominal strain rate in
compression-compression fatigue is influenced by the ratio of buckling
to bending components [45]. For instance, increasing the buckling
component in a strut reduces the ratcheting nominal strain rate, thereby
extending the fatigue life of rhombic dodecahedron lattices. The elastic
deformation behavior of the gyroid lattice structures has been analyti-
cally investigated using a simplified beam model, showing that the in-
clined struts primarily bear loading through buckling and bending
deformation [15]. The maximum axial tensile stress S in the simplified
inclined strut under compressive force is given by [51]

S = F
16Lcosθ

πd3 − F
4sinθ
πd2 ,

where F is the compressive force, L is the strut length, d is the strut
diameter, θ is the angle between the strut and the loading plane. As the
tensile stress in the strut is particularly detrimental to lattice fatigue
fracture, reducing local tensile stress effectively enhances fatigue per-
formance [52]. Increasing θ while maintaining L and d can decrease S,
thereby improving fatigue resistance. In ref. [53], a novel structural
design strategy is proposed to explore the anisotropic elastic properties
of the gyroid structure by adjusting the force angle of the strut through
the aspect ratio of the unit cell. This approach suggests that modifying θ
via the gyroid cell aspect ratio can enhance fatigue performance, of-
fering a promising direction for future studies.

7. Conclusions

This work investigates the impact of contour scanning on the fatigue
properties of gyroid lattice structures fabricated using selective laser
melting (SLM). Gyroid structures are manufactured with and without
contour scanning, and their fatigue behavior is evaluated experimen-
tally and numerically. The results clearly demonstrate the significant
contribution of contour scanning in enhancing the fatigue resistance of
the lattice structures.

Key findings reveal that gyroid struts fabricated without contour
scanning exhibit surface defects like microcracks, voids, and notches.
Conversely, structures built with contour scanning show a marked
reduction in such imperfections. This improvement in surface quality
translates to a notable enhancement in the compressive fatigue prop-
erties. For example, specimens fabricated with contour scanning exhibit
a reduced nominal strain rate (per cycle) by orders of magnitude (from
10–4~10–6 %/cycle to 10–6~10–7 %/cycle) and a delayed fatigue
endurance cycle by roughly three times (from 6× 104~8× 105 cycles to
2 × 105~2 × 106 cycles), compared to those fabricated without contour
scanning. It is revealed that cyclic ratcheting remains the dominant fa-
tigue mechanism in both cases, with fatigue damage driving the growth
and coalescence of cracks. Importantly, the combined experimental and
numerical analysis highlights the role of surface notches as crack initi-
ation sites in the gyroid samples. By effectively mitigating these stress
concentrators through contour scanning, this technique significantly
improves fatigue resistance.

This work underscores the critical importance of minimizing surface
defects in SLM-fabricated lattice structures to enhance fatigue endur-
ance. Future research could focus on optimizing defect distribution
through advanced fabrication techniques and post-treatments, as well as
on developing high-fidelity numerical models based on CT-
reconstructed geometries to improve fatigue prediction accuracy in
complex SLM-fabricated structures.
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