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ABSTRACT

Powder bed fusion is a rapidly developing method of metal additive manufacturing that offers an unprecedented
ability to manufacture complex and flexible components with high accuracy. Stainless steel is a high value
material that particularly lends itself to the emerging opportunities offered by metal additive manufacturing.
There is, however, limited information related to the microstructure, mechanical properties and structural
performance of thin-walled stainless steel elements additively manufactured by powder bed fusion; this is
addressed in the present study in the context of thin-walled circular shells, which are investigated through a
series of physical experiments and numerical simulations. The experimental programme consisted of material
coupon tests, microstructural characterisation, geometric measurements and axial compression tests on stainless
steel thin-walled cylindrical shells with large diameter-to-thickness (D/t) ratios produced by powder bed fusion.
Advanced measurement techniques—3D-laser scanning and digital image correlation, were utilised to capture
the geometric properties prior to testing and the distribution and development of the deformations and strains
during testing, respectively. The measured geometric imperfections in the shells were such that most specimens
met the Class A fabrication quality requirements set out in EC3-1-6; all tested shells buckled below their yield
loads in an asymmetric chequerboard pattern, showing significant sensitivity to local imperfections. In parallel
with the experimental investigation, a numerical modelling programme was carried out, aimed at first replicating
the compression tests and then extending the current test data pool over a wider range of slenderness values. The
experimental and numerical data were analysed and employed to assess the applicability of existing design
methods for conventionally formed tubular sections to those manufactured by powder bed fusion. EC3-1-6 was
found to give consistent and safe-sided buckling resistance predictions for the studied stainless steel cylindrical
shells under axial compression.

1. Introduction

metal AM techniques for use in construction. The PBF process involves
the layer-wise deposition and fusion of powdered metals using thermal

Metal additive manufacturing (AM), commonly known as metal 3D
printing, can be used to produce free-form metallic parts layer-by-layer
based on a three-dimensional digital model [1-4]. The potential for
enhanced geometric freedom, heightened design customisation, reduc-
tion in material use and wastage and improved environmental perfor-
mance [5] over conventional manufacturing techniques, has led to a
rapid growth in interest and use in aerospace, automotive and me-
chanical engineering applications [3,4,6]. According to ISO/ASTM
52900 [7], single-step AM processes for metallic materials are classified
into sheet lamination, directed energy deposition (DED) and powder bed
fusion (PBF), with the latter two being regarded as the most promising
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energy from a laser or electron beam in an enclosed chamber. PBF is
synonymous with complex components, with high spatial resolution,
low surface roughness, and the ability to print a broad variety of metals.
As a high value material, stainless steel has been an extensively studied
in the domain of PBF processes over the past few decades, with the
material offering a good combination of corrosion resistance and me-
chanical strength, together with adequate weldability [8,9]. These
properties have been demonstrated in a number of previous studies on
conventionally produced stainless steel structural elements [10-14].
The primary focus of previous research on PBF stainless steels has been
on the identification and suitability of printing parameters, and the
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microstructural and mechanical properties of PBF parts, including
austenitic [4,15], ferritic [16], duplex [17] and precipitation-hardening
[9] grades. Investigations into the structural performance of PBF stain-
less steel elements include cross-sectional tests on tubular sections
conducted by Zhang et al. [4,19] and Yan et al. [20].

An important challenge to be overcome before additively manufac-
tured structural elements can be applied more widely in the construction
industry is the development of structural design guidance, supported by
a suitable pool of experimental and numerical data. Circular hollow
sections (CHS), a widely used cross-section profile in construction, are
known to be prone to buckling under compressive loading, with a high
sensitivity to initial geometric imperfections, especially for those with
large diameter-to-thickness ratios (commonly referred to as cylindrical
shells). The buckling behaviour of conventionally produced steel cy-
lindrical shells has been extensively studied, such as by Seide et al. [21],
Newmark and Wilson [22,23] and Zeybek et al. [24,25]. Thick-walled
stainless steel CHS additively manufactured by PBF have been investi-
gated in a previous study [4], and thin-walled PBF circular cylindrical
shells are examined experimentally and numerically in the present paper
from a microstructural, mechanical and cross-sectional perspective. Five
cylindrical shells with different diameter-to-thickness D/t ratios were
additively manufactured from austenitic 316L stainless steel, while one
cylindrical shell was manufactured from martensitic precipitation
hardening CX stainless steel. The experimental programme consisted of
microstructural characterisation, material coupon tests, initial geo-
metric measurements and compressive stub column tests. Upon suc-
cessful validation of finite element models against the test results,
numerical parametric studies were also conducted to expand the pool of
data on PBF stainless steel cylindrical shells. The experimental and nu-
merical results were utilised to evaluate the applicability of existing
design approaches for conventionally formed sections to additively
manufactured stainless steel tubular sections.

2. Specimen manufacture

Five circular cylindrical shells with nominal cross-section sizes
(outer diameter D x thickness t) of C150 x 1.0, C180 x 1.0, C150 x 0.7,
C180 x 0.7 and C200 x 0.7, were manufactured by laser-based powder
bed fusion (L-PBF) using 316L stainless steel powder. One circular cy-
lindrical shell with a nominal outer diameter D of 200 mm and thickness
tof 1.0 mm (C200 x 1.0), was also produced by L-PBF using CX stainless
steel powder. Both stainless steel grades, which are well-suited to PBF
additive manufacturing, were examined in the current study in order to
cover both normal-strength (316L) and high-strength (CX) stainless
steels, enabling a comprehensive analysis of the local buckling behav-
iour of PBF stainless steel cylindrical shells under axial compression. All
examined cross-sections are classed as slender (Class 4) according to EN
1993-1-4 [26]. The nominal chemical composition of the adopted
austenitic grade 316L stainless steel (also referred to as EN 1.4404 and
X2CrNiMo17-12-2) and martensitic precipitation hardening (PH) grade
CX stainless steel (with similar chemical composition to PH 13-8 Mo) is
provided in Table 1. Fresh gas-atomised stainless steel powder from EOS
GmbH with a nominal particle size distribution of 15-53 pm [27] and
20-65 um [28] for the 316L and CX stainless steels respectively, were
used as the raw material.

All the shells and coupons were manufactured using an EOS M 290
PBF machine, featuring a 250 mm x 250 mm x 325 mm building en-
velope and a Yb-fibre laser, in the Department of Mechanical Engi-
neering at LUT University. Prior to manufacturing, the substrate was
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preheated to 80 °C to reduce the residual stress in the specimens. The
manufacturing process involved the laser beam repeatedly scanning
across the programmed locations defined by an input STL model,
melting the powder onto the existing solidified layers until final
completion of the target part. During fabrication, high-purity nitrogen
was maintained in the chamber to avoid oxidation of the specimens. A
support structure was printed to constrain each specimen during the
build and to reduce the distortion induced by the removal of the build
plate. Following fabrication, no thermal stress relief or other post-
processing was conducted except removing from the build plate using
a bandsaw, grinding off the support structures and machining off the
specimen ends. Photographs of a typical test specimen during and after
printing, along with its removal from the build plate are shown in Fig. 1.
The detailed L-PBF processing parameters, including laser power, focal
point diameter of the laser, scanning speed, layer thickness, hatch dis-
tance, protective gas, etc., were set by the EOS machine manufacturer,
as provided in Table 2. A bi-directional stripe hatching strategy with
interlayer rotations of 47° for 316L and 67° for CX was adopted during
printing, as illustrated in Fig. 2. Photographs of the examined L-PBF
316L stainless steel cylindrical shell specimens are shown in Fig. 3.

Fig. 4 illustrates the build orientation of the printed coupons, the
coupon dimensions, which were in compliance with EN ISO 6892-1
[29], and the extracted positions of the metallurgic samples from the
coupons. The reference coordinates for the L-PBF coupons consist of
three perpendicular axes: the build direction (BD) and the two trans-
verse directions (TD1 and TD2). The build orientation angles of the
tensile coupons are defined by three parameters, 6, y and ¢, where 0 is
the angle from the longitudinal axis of the coupon to the build plate (i.e.
6 = 0° is a horizontal coupon parallel to the build plate and § = 90° is a
vertical coupon), y is the angle between the recoating direction (i.e. TD2
axis) and the longitudinal axis of the coupon (with y = 90° for all § = 90°
coupons) and ¢ is the angle between the long face of the coupon
cross-section and the build plate. For the vertical coupons (6 = 90°), ¢ =
0° is a coupon with the short face of its cross-section parallel to the
recoating direction, and ¢ = 90° is a coupon with its long face parallel to
the recoating direction.

3. Tensile testing

Eighteen uniaxial tensile coupon tests were conducted to ascertain
the mechanical properties of the examined L-PBF stainless steel on the
macroscopic scale. All the tests, including the compression tests
described in Section 6, were carried out in the Structures Laboratory of
the Department of Civil and Environmental Engineering at Imperial
College London. Prior to testing, the width and thickness of the parallel
section of each coupon were measured, and standard gauge lengths of
5.654/Sp [29], where Sy is the original cross-sectional area of the parallel
length, were scribed onto both coupon faces for the post-test calculation
of fracture strains.

An overview of the tensile coupon test setup is shown in Fig. 5. The
material tests were performed in compliance with EN ISO 6892-1 [29],
using an Instron 8802 250 kN hydraulic testing machine. The testing
machine was driven under displacement control, with crosshead sepa-
ration rates being determined to achieve a strain rate of 0.007 % s~ up
to the 0. 2% proof stress and of 0.025 % s~ beyond yielding and a
gradual ramp between them. A four-camera LaVision digital image
correlation (DIC) system was employed to capture the surface de-
formations and hence strains over the parallel length on the front and
back faces of each coupon, which were spray painted with a matte white

Table 1

Nominal chemical composition of the adopted stainless steel powder (in wt.%), as provided by the manufacturer [27,28].
Stainless steel Cr Ni Mo Al C Mn Cu P S Si N Fe
316L 17.00-19.00 13.00-15.00 2.25-3.00 - <0.03 <2.00 <0.50 <0.025 <0.01 <0.75 <0.10 balance
CX 11.00-13.00 8.40-10.00 1.10-1.70 1.20-2.00 <0.05 <0.40 - - - <0.40 - balance
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Fig. 1. Typical test specimen (a) during printing, (b) after printing and (c) being removed from the build plate.

Table 2
PBF processing parameters adopted in this study.
Stainless Laser Focal point Scanning Volume rate  Layer Hatch Scanning Preheated Preheated Shielding
steel power diameter (um) speed (mm/s)  (mm°>/s) thickness distance rotation (°) powder bed powder gas
w) (um) (pm) [§9)
316L 214.2 70-80 928.1 3.7 40 100 47 80 No Argon
CcX 260.0 100 1000.0 3.2 30 100 67 80 No Argon
Layer N Layer N+1
g
: 5
Rotation angle ﬁ\ S
S
! N -~
<7 e iy ]
! <
TD1
Sty

— Hatch direction

- ---p Scanning direction

~2 Wiy,
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Fig. 2. Schematic illustration of the adopted stripe scanning strategy.

Fig. 3. Photograph of all PBF 316L stainless steel shell specimens (with increasing slenderness from left to right).

background and a random black speckle pattern of high contrast prior to
testing. The applied forces were measured using a load cell within the
testing machine and fed into the DIC system via an analogue to digital
converter, at 1-second intervals. The acquired DIC images were recorded
at 1-second intervals and post-processed using Davis 10 [30].

The measured engineering stress-strain curves obtained from the
316L and CX stainless steel coupons are plotted in Figs. 6 and 7,
respectively, while the key material properties, including the Young’s
modulus E, 0.2 % proof strength 6¢ 2, 1.0 % proof strength o7 o, ultimate
tensile strength ¢y, and corresponding strain ¢, fracture strain over the
marked gauge length e, Ramberg-Osgood parameter n [31] and
extended strain hardening parameters m; o and my, [32,33], which were

fitted to the measured stress-strain curves using the methods provided in
[34,35], are summarised in Tables 3 and 4. The stress-strain curves
derived from the Ramberg-Osgood parameters are also shown in Figs. 6
and 7 for the 316L and CX stainless steels, respectively.

The mechanical properties measured in this study are comparable to
those provided by the manufacturer, as reported in Table 5 [27,28]. The
L-PBF 316L stainless steel was found to have a good balance of strength
and ductility, considering the strength-ductility trade-off seen in
equivalent conventionally manufactured material—see Fig. 8 [36,37]
and Table 5; this observation is aligned with other studies on 316L
stainless steel produced by L-PBF using optimised parameters [38,39].
Some mechanical anisotropy was observed in the tested L-PBF 316L
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Building orientation angles (°)

OM, SEM and Coupon 0 v ¢
EBSD analysis 3I6L-1316L3 90 90 0
316L-2 316L-4~316L-6 90 90 90

316L-7~316L-9 0 0 0
316L-10~316L-12 0 0 90
CX1~CX6 0 0 90

OM analysis

SEM and EBSD
analysis

1 Front
[ Cross-section TD1 TD2
Bl Side 316L-7 (Gas flow direction)  (Recoating direction)

100
(b)

Fig. 4. (a) Schematic illustration of the printed coupons, showing the building orientation angles and the extracted positions of the metallurgical sample, and (b)
dimensions of each coupon (in mm). The sections used for microstructural observations have been marked in red.

and ultimate stresses oy, but substantially lower ultimate strains ¢, and

fracture strains &, compared to the vertical coupons ( = 90°); this
Hydraulic material anisotropy will be explained in Section 4.2. The
g ystem strength-ductility balance of the tested L-PBF and CX stainless steel, in
comparison with equivalent conventionally produced material with and
without heat treatment is summarised graphically in Fig. 9 [9,41-45].
The good combination of strength and ductility of the as-built CX
stainless steel in this study supports the suitability of the adopted
printing parameters. The L-PBF CX stainless steel in the as-built and heat
treatment conditions exhibited higher 0.2 % proof stresses and compa-
rable fracture strains compared to their wrought counterparts. The
L-PBF CX stainless steels in the aged and solution-aged conditions had
higher 0.2 % proof stresses at the expense of ductility.

4. Correlation between microstructure and mechanical
properties

Fig. 5. Tensile coupon test setup.

4.1. Employed techniques and methods

stainless steel, though not to the same extent as found in previous studies
on wire arc additively manufactured (WAAM) stainless steel [40]. The
horizontal coupons (6 = 0°) showed higher proof stresses (c¢.2 and o1 ()

After the destructive material tests, small metallurgical samples were
extracted from the gripped sections of the fractured coupons, with three
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Fig. 6. (a) Full range and (b) initial range of stress-strain curves obtained from
tensile coupon tests on L-PBF 316L stainless steel.

faces (parallel to three orthogonal planes TD2-BD, TD1-TD2 and TD1-
BD) being observed, as shown in Fig. 4. The samples were prepared
for microstructural characterisation in accordance with ASTM E3-11
[46]. The samples were mounted in bakelite, ground with silicon carbide
paper (progressing from 500, 800, 1200 to 2000 grit) and polished to a
mirror finish, using 6 pm and 1 pm diamond suspensions and finally a
mixture of OP-S colloidal silica solution (OP-S:H505:H,0 = 7:3:10). The
polished samples were then electrolytically etched using 10 % wt. oxalic
acid solution at 6 volts for around 45 seconds, as recommended by ASTM
E407-07 [47] to reveal the solidification structure. The sample prepa-
ration and optical microscopy were performed in the Engineering Alloys
Lab, while the SEM and EBSD were conducted in the Harvey Flowers
Electron Microscopy Suite, both in the Department of Materials at Im-
perial College London.

The etched surfaces were first observed under an Olympus BX51
optical microscope. The grain size and morphology, texture and crystal
phases were investigated using an FEI Quanta 650 SEM equipped with a
Bruker eFlash"'® EBSD detector and Argus forescatter diodes (FSD) im-
aging. The stainless steel samples for EBSD were tilted to 70° relative to
the horizontal to generate patterns of sufficient intensity. The aperture
size, working distance, detector distance and accelerating voltage used
to collect the data were 100 pm, 15 mm, 18 mm and 20 kV, respectively.
The surfaces of the 316L and CX stainless steel samples were scanned at
magnifications of 300x and 4000x over an area of 1427 x 936 pm? and
104 x 70 pm?, respectively. The 316L stainless steel sample in the TD1-
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Fig. 7. (a) Full range and (b) initial range of stress-strain curves obtained from
tensile coupon tests on L-PBF CX stainless steel.

TD2 plane was scanned at 500x magnification to avoid losing sub-
structure details while ensuring enough grains over a large area. The
EBSD patterns were acquired using Esprit 2.2 acquisition software [48]
and reconstructed through grain dilution and segmentation using the
Matlab toolbox MTEX 5.6.0 [49]. The particle size distribution of the
L-PBF stainless steel CX was measured using a laser diffraction particle
machine (Malvern Mastersizer 2000) in the Centre for Infrastructure
Materials of the Department of Civil and Environmental Engineering at
Imperial College London.

4.2. Microstructural characterisation of L-PBF 316L stainless steel

The microstructure of samples extracted from the 316L-3 and 316L-4
coupons was inspected in the TD1-BD, TD2-BD and TD1-TD2 planes; the
samples extracted from the 316L-4 coupon were also characterised
through EBSD. Fig. 10 shows optical micrographs of the three principal
planes of the observed L-PBF 316L stainless steel samples. Periodic melt
pools, which were generated by the scanning laser beam, were observed
in the TD1-BD and TD2-BD planes and mosaic structures (a cross-like
arrangement) were seen in the TD1-TD2 plane due to the interlayer
rotation. The melt pool boundaries can be clearly observed in the SEM
micrographs (see Fig. 11), and the width and height of the melt pool
perpendicular and along the laser beam direction were measured to be
around 145 pym and 75 pm, respectively. At higher magnifications, fine
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Table 3
Measured material properties from tensile coupon tests.
Coupon 6() E (N/mm?) 6.2 (N/mm®) 61,0 (N/mm?) oy (N/mm?) eu (%) et (%) n myo m,
316L-1 90 164800 434.0 499.7 554.0 42.7 60.7 2.7 6.4 7.1
316L-2 90 162000 424.1 496.8 552.5 47.2 62.0 5.0 7.2 8.2
316L-3 90 171300 422.4 498.7 553.5 40.8 59.3 2.7 7.1 7.9
316L-4 90 169700 433.3 502.8 556.7 39.7 59.0 2.7 6.6 7.5
316L-5 90 170500 435.3 504.6 558.9 37.2 58.5 2.6 6.4 6.9
316L-6 90 163900 437.3 502.5 554.2 37.2 60.5 3.0 6.3 6.7
316L-7 0 162100 505.8 556.9 637.1 23.0 34.9 7.5 3.5 4.2
316L-8 0 163900 502.8 562.2 641.9 21.5 33.6 5.4 3.8 4.3
316L-9 0 167500 515.0 565.6 647.3 21.3 37.3 5.5 3.3 3.8
316L-10 0 164800 512.5 556.8 643.8 23.1 37.1 8.3 3.0 3.9
316L-11 0 168800 500.8 556.0 639.0 22.4 39.0 5.0 3.5 4.0
316L-12 0 164600 490.0 558.9 645.8 23.9 38.2 3.6 4.0 4.6
Average 90 167000 431.1 500.8 555.0 40.8 60.0 3.1 6.7 7.4
0 165300 504.5 559.4 642.5 22.5 36.7 5.9 3.5 4.1
Table 4
Measured material properties from horizontal (¢ = 0°) tensile coupon tests.
Coupon E (N/mm?) 60.2 (N/mm?) o1.0 (N/mm?) oy (N/mm?) eu (%) e (%) n Mo my
CX-1 186300 798.4 938.4 1053.1 6.2 15.9 8.2 3.1 3.6
CX-2 187300 771.3 917.9 1036.7 6.2 20.2 7.8 3.1 3.7
CX-3 186700 777.5 926.9 1032.4 6.0 20.8 7.1 3.3 3.8
CX-4 187200 777.5 926.1 1029.0 5.8 21.2 7.7 3.4 3.9
CX-5 187300 788.9 931.6 1050.9 6.4 21.7 8.9 3.2 3.8
CX-6 186600 773.6 921.9 1037.8 6.1 21.1 7.8 3.2 3.7
Average 186900 781.2 927.1 1040.0 6.1 20.2 7.9 3.2 3.7
Table 5
Summary of material properties of 316L and CX stainless steel.
Material Condition Source 0) E (N/mm?) 602 (N/mm?) 6, (N/mm?) e (%)
316L L-PBF EOS datasheet [27] 0 185000 470-590 590-690 25-55
90 180000 380-560 485-595 30-70
L-PBF Bartolomeu et al. [38] - - 486 630 25
Cast Bartolomeu et al. [38] - - 198 450 45
Hot pressing Bartolomeu et al. [38] - - 293 571 34
Wrought Mower & Long [18] 187000 345 563 30
CX L-PBF EOS datasheet [28] - - 840 1080 14.0
L-PBF Yan et al. [9] 0 - 694 1043 16.3
Wrought Wu et al. [41] - - 817 1107 8.3
70 25 -
O Conventional [36, 37] APBEF, solution [41]
I . <O PBF, aged [9
60 APBF, as-built [36, 37] o »aged [9]
OPBF. as-built. this stud 20 OPBF, solution-aged [41]
as-bui 1SS .
50 L d d Y Ol OPBF, as-built [41, 43-45]
15 o O@ 9 OPBEF, as-built, this study
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Fig. 8. Summary of strain at ultimate stress versus 0.2% proof stress for 316L Fig. 9. Summary of fracture strain versus 0.2% proof stress for CX stain-
stainless steel, reproduced from Refs. [36,37]. less steel.
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Fig. 10. 3D OM microstructure reconstruction of samples extracted from PBF (a) 316L-3 and (b) 316L-4 coupons, both showing the laser tracks along the build
direction and the scanning pattern.
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Fig. 11. SEM micrographs in the TD1-BD plane (side view of the sample from 316L-4 coupon): (a) microstructure at different length scales and (b) high magni-
fication SEM images, showing the fusion boundaries, columnar grains and cellular structure.
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Fig. 12. Inverse pole figure (IPF) maps of the L-PBF 316L (a) cross-section and (b) front samples, with IPF maps coloured with respect to the build direction (IPF-BD),
(c) pole figures of cross-section sample and (d) grain size distribution of three samples. Samples extracted from the 316L-4 coupon.
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crystal cells (or dendrites) can be seen within the melt pools, growing
epitaxially across multiple melt pools (see Fig. 11(b)).

Inverse pole figures (IPF) enable the visualisation of local crystal
directions using a colour-coding scheme, while pole figures provide
insight into the texture, where each point on the pole figure corresponds
to the orientation of a specific crystallographic plane or direction rela-
tive to the reference frame of the sample. Fig. 12 presents (a, b) the IPF
maps with overlaid grain boundaries with respect to the build direction
(IPF-BD) of the cross-section and front samples, (c) the {100}, {110} and
{111} pole figures of the cross-section sample, and (d) the grain size
distribution of three samples extracted from the 316L-4 coupon. The
contour levels of orientations in the pole figures show the strength of the
texture as a multiple of random occurrence. The IPF maps show that
columnar grains, oriented mainly in the (100) and (110) directions,
featured most prominently in the build direction. The preferred crys-
tallographic orientations were further confirmed by the pole figures of
the TD1-TD2 plane, as shown in Fig. 12(c), where high concentrations of
the {100} plane normals along the TD2 and the {110} plane normals
along the TD1 and BD were found, indicating a strong (100) and (110)
crystallographic texture. The (100) and (110) texture seen in L-PBF 316L
stainless steel was attributed in [50,51] to the occurrence of the epitaxial
grain growth, with (100) being the preferred crystallographic orienta-
tion for grain growth in FCC materials, and side-branching, respectively.
The grain size, which is defined as the diameter of a circle with an
equivalent area to that of the grain, was measured using EBSD in
accordance with ASTM: E2627-23 [52]. The average grain sizes in the
scanned areas of the front, cross-section and side samples were
measured to be 28.0 pm, 24.2 pm and 29.1 pm, respectively.

As discussed above, L-PBF 316L stainless steel exhibits a multi-scale
microstructure consisting of melt pools, columnar grains and an intra-
granular cellular network, whereas wrought 316L stainless steel consists
only of micron-scale grains [15]. A significantly increased yield strength
in the printed 316L stainless steel relative to its wrought counterparts
has been reported in many studies [15,37-39], while the source of
strengthening is not, as yet, fully understood. Some researchers
emphasized the effect of solidification sub-grains (i.e. cells) and pre-
dicted the yield strength using the cell size in the modified Hall-Petch
equation [36], while others referred to the traditional strengthening
mechanisms to explain the mechanical properties of the printed material
[15,53]. The contribution of cells in the printed material is to enhance
the dislocation density, since a large number of dislocations were
observed at the cell boundaries and within the cells from transmission
electron microscopy (TEM) [15,53]. The average cell size was measured
to be 1.5 pm based on a series of high-magnification SEM images (an
example of which is shown in Fig. 11(b)). The measured cell size and
grain size correspond to a calculated 0.2 % proof strength of 391 N/mm?

(a)

Fig. 13. (a) SEM image of the cross-sections and (b) particle size distribution of CX stainless steel powder.

Volume fraction (%)
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according to [36] and of 464 N/mm? according to [15], respectively,
both of which are relatively close to the measured value of 431 N/mm?.

4.3. Microstructural characterisation of L-PBF CX stainless steel

The cross-sectional microstructure and particle size distribution of
the gas-atomised stainless steel CX powders are shown in Fig. 13. The
powder particles were mainly spherical with smooth surfaces, and only a
small portion of satellite particles were adhered; the average measured
particle size was 35.3 pm, with a range of 20~63 pm (see Fig. 12), in line
with the nominal particle size distribution provided by the manufacturer
EOS [28].

Fig. 14 shows the SEM micrographs of the side (scanning plane, i.e.
TD1-TD2 plane) and cross-section (build plane, i.e. TD1-BD plane)
samples of the L-PBF CX stainless steel at different magnifications. The
microstructure of the material in the TD1-TD2 plane reveals the scan
tracks with a non-uniform arrangement due to the employed scanning
strategy (see Fig. 14(a) and (b)). The measured widths of the tracks were
approximately 100 pm, which were similar to the laser spot diameter.
The observed cross-section sample exhibited a microstructure with
overlapped melt pools which were formed due to the successive solidi-
fication. The microstructure of the L-PBF CX stainless steel consisted
primarily of cellular structures, cellular dendritic grains and martensite
packets with nearly parallel laths. A large quantity of dendritic grains,
with growth direction indicated by the yellow arrows in Fig. 14(d), were
seen to grow parallel to the heat flow direction (indicated by red arrows
in Fig. 14(d)), while no secondary dendrite structure was seen in these
samples from the SEM results.

Fig. 15 shows the EBSD results, including (a, b) the inverse pole
figure (IPF) maps constructed using the IPF-BD colouring and grain
boundary maps of the side and cross-section samples, (c) the {100},
{110} and {111} pole figures of the side sample and (d) the grain size
distribution of the front, side and cross-section samples. The phase
structure of stainless steels can be predicted based on the chromium and
nickel equivalent values (Creq, Nieq) according to the Schaeffler-DeLong
diagram [54]; for the examined CX stainless steel, martensite and
austenite phases were expected. The fractions of the austenite and
martensite phases were measured to be approximately 2 % and 98 %,
respectively, through EBSD analysis. The primary martensite phase in
the L-PBF samples, is mainly attributed to the low nickel content in CX
stainless steel, which improves the stability of martensite and inhibits
the formation of reverted austenite after the rapid cooling processes [42,
43]. The IPF maps of the two samples show the existence of columnar
and equiaxed grains, while the pole figures show a weak (111) texture
(parallel to BD) with a maximum intensity of about 3.0 times the random
intensity, which is consistent with previous studies [43-45] but, overall,
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Fig. 15. Inverse pole figure (IPF) maps of the L-PBF CX stainless steel (a) side and (b) cross-section samples, with IPF maps coloured with respect to the build
direction (IPF-BD), (c) pole figures of side sample and (d) grain size distribution of three samples. Samples extracted from the CX-3 coupon.

the grains have no strong crystallographic orientation. Fig. 15(d) shows
that there was no significant difference in the grain size distribution
range for the three samples. The average grain sizes of the front,
cross-section and side samples of the L-PBF CX stainless steel were 1.62
um, 1.50 um and 1.43 pm, respectively, and 97 % of the observed grains
were smaller than 5 pm. The formation of such fine grains can be
attributed to the rapid solidification [6].

5. Geometric measurements

The cylindrical shell test specimens had a nominal outer diameter
Dx thickness t (in mm) of C150 x 1.0, C180 x 1.0, C200 x 1.0, C150 x

0.7, C180 x 0.7 and C200 x 0.7, covering a range of cross-sectional
slenderness values. The nominal specimen lengths L were set equal to
the outer diameters of the shells, which were greater than twice the
axisymmetric meridional elastic buckling half-wavelengths and have
been adopted in several previous studies on shell buckling [21,55]. Prior
to end potting, the geometric properties of each specimen were obtained
through calliper and Archimedes’ measurements, along with 3D-laser
scanning, as shown in Fig. 16(a). Measurements of the outer diameter
D and wall thickness t at both ends of the shells, as well as the overall
specimen length L, were taken at 30° intervals around the perimeter of
the specimens using a digital calliper. The volume V of each specimen
was determined based on Archimedes’ method, and the average
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Fig. 16. (a) Setup for geometric measurements using 3D-laser scanning and (b)
visualisation of point cloud data of a cylinder.

cross-sectional area A was calculated by dividing the volume V by the
average length L. All examined specimens were medium-length cylin-
ders according to EN 1993-1-6 [56]. To provide accurate and detailed
out-of-straightness characteristics of each specimen, a non-contact laser
scanner (FARO Design ScanArm 2.0), with a reported accuracy of
+0.075 mm and a minimum point spacing of 40 pm within its mea-
surement range of 2.5 m [57], was utilised to scan the external and in-
ternal surfaces.

The point cloud data were pre-processed in Geomagic Wrap [58],
including deletion of unwanted data, hole filling, model alignment and
merging. The overall scan volume was verified against the volume
measurements based on Archimedes’ principle. The processed data were
imported into Rhino [59] in the form of polygon meshes, which were
contoured into cross-section slices along the specimen length and then
vertically sectioned into sets of longitudinal points at 1° intervals around
the circumference of the shells. The deviations from a linear trend line
fitted to each set of longitudinal points were taken as the local geometric
imperfections; a similar approach to the determination of longitudinal
imperfections using scan data was reported in [4]. A typical imperfec-
tion distribution processed from the scan data of the specimen C200 x
0.7 is shown in Fig. 17, where outward and inward deviations are
denoted as positive and negative, respectively. The local imperfection
amplitude of each specimen wmax was defined as the maximum absolute
deviation over the entire specimen. The measured imperfection ampli-
tudes satisfied the EN 1993-1-6 [56] Class A fabrication quality re-
quirements for all test specimens except C150 x 1.0 (which slightly
exceeded the Class A limits). The limiting Class A characteristic imper-
fection amplitude Awy was calculated as:
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Fig. 17. (a) Typical measured imperfection distribution of test shell—unwound
plot and (b) histogram and CDFs of longitudinal imperfections in the shell
specimen C200 x 0.7.
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where Q is the fabrication quality parameter, taken as 40 for Class A.

A probabilistic treatment of the longitudinal imperfection ampli-
tudes around the circumference of each specimen has also been per-
formed to examine the variation in the imperfection data. A histogram
constructed from the 360 local imperfection amplitude measurements
(at intervals of 1°) is plotted for a typical shell specimen (C200 x 0.7) in
Fig. 17, along with the corresponding empirical cumulative distribution
function (CDF) curve. A CDF value, denoted as P(A < w;), represents the
probability that a randomly selected imperfection amplitude A is less
than a particular imperfection amplitude value w, [60,61]; the charac-
teristic imperfection amplitude wgs o, with a CDF value of 95 % for each
specimen is presented in Table 6.

6. Compression testing

Six axial compression tests were performed on the L-PBF stainless
steel circular cylindrical shells to investigate their cross-sectional
response and load-bearing capacity. Five of the specimens were manu-
factured from 316L stainless steel, while one was manufactured from CX
stainless steel; testing of the latter specimen was previously reported in
[19], thus only the key test outputs are presented herein. The printed
(top) end of each specimen was finished to a high degree of geometric
accuracy, while the lower end that had been sawn off from the build
plate had to be machined flat and square such that a uniform stress
distribution over the cross-section could be maintained during testing.
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Table 6
Measured geometric properties of the test shells and key test results.
Specimen  Material D t L Varch Viaser Aprch Omax Q  wosw D/te* 7. L/yit m Ny 3y N/
(mm) (mm) (mm) (@m®) (@M%  (mm®)  (mm) (mm) kN)  (mm)  6oA
C150 x 316L 149.6 1.02 159.6 76520 76042 479.3 0.23 B 0.20 341.5 0.56 18.4 5 186.8 0.62 0.90
1.0
C180 x 316L 179.5 1.04 189.8 109458 111121 576.8 0.23 A 0.21 400.0 0.61 19.7 6 208.2 0.59 0.83
1.0
C200 x CX 200.1 1.02 152.7 93773 95542 614.1 0.19 A 0.15 759.3 0.84 15.2 7 366.4 0.57 0.76
1.0
C150 x 316L 149.6 0.75 159.8 55209 56126 345.4 0.17 A 0.16 463.4 0.65 21.4 7 113.3 0.50 0.75
0.7
C180 x 316L 179.5 0.74 189.8 78114 79036 411.7 0.14 A 0.13 562.8 0.72 23.3 8 125.7 0.49 0.70
0.7
C200 x 316L 199.5 0.74 209.0 96349 97260 461.1 0.14 A 0.12 623.7 0.76 24.3 9 130.2 0.49 0.65
0.7

Special care was taken during the end machining—wooden blocks were
precisely made and inserted into the thin-walled cylinders to reinforce
the clamped regions. The top and bottom cylinder edges of each spec-
imen were then bonded to outer and inner metallic ring stiffeners of 10
mm thicknesses using Araldite 2011 reinforced epoxy adhesive to avoid
premature end failure and to ensure fixed boundary conditions.

All the compression tests were conducted using an Instron 3500 kN
hydraulic testing machine; the test setup is presented in Fig. 18. The
instrumentation for the compression tests consisted of three potenti-
ometers positioned at 120° intervals, coupled with three equally spaced
strain gauges affixed to each specimen at mid-height to measure the
axial deformations, and a load cell within the testing machine to record
the applied load. A four-camera LaVision DIC system was employed to
measure the surface deformations of the specimens from two sides at 90°
to each other by tracking the movement of black and white speckle
patterns that were applied to the specimen surfaces prior to testing. A
self-locking ball seating was positioned between the crosshead of the
testing machine and the top end platen to accommodate any possible
out-of-squareness and to ensure uniform axial loading. Hardened end
platens were placed at both ends of the specimens to avoid damage to
the testing machine from the high level of the localised stresses. The tests
were performed under displacement control, with a compressive strain
rate of approximately 0.1 % min~!, and were continued beyond the
ultimate load to observe the initial unloading behaviour. The axial load,
top platen movement, potentiometer and strain gauge readings and DIC
images, were recorded at 1-second intervals.

The post-ultimate out-of-plane deformations of all test specimens are
shown in Fig. 19 to aid visualisation of the failure modes, where outward
and inward deformations are denoted as positive (coloured in red) and
negative (coloured in blue), respectively. All circular cylindrical shells
failed by local buckling in an asymmetric ‘chequerboard’ pattern with
one longitudinal wave and 5 to 9 circumferential waves, where the

number of circumferential waves m for each shell is reported in Table 6.
Also reported are the key test parameters and outputs — the local cross-
sectional slenderness parameter D/te?, where

, 235 E

_ 235 2
& = 50a 210000 2

is a material parameter, and the normalised cross-sectional slenderness

Ae = \/0602/0c, Where

E 2t

31-12) D @

Ocr =

is the elastic local buckling stress, the length parameter L/+/Rt, the peak
load Ny, the end shortening at the peak load §, and the ratio of the peak
load Ny, to the yield load o 2A.

The axial load-end shortening curve and DIC results for a typical stub
column test specimen—C180 x 0.7—are presented in Fig. 20, where the
axial strain distributions and failure mode can be clearly seen. All axial
load-end shortening curves obtained from (i) the potentiometer and
strain gauge readings, with the elastic deformations of the end platens
eliminated [62], and (ii) the DIC data, by summing longitudinal differ-
ential deformations along the specimen length, are plotted in Fig. 21.
The two approaches to the calculation of end shortening are shown to
yield essentially identical results. All test specimens exhibited sharp
unloading behaviour, which is a characteristic of shells and other
structural systems [63,64] that possess an unstable post-buckling
response. The shells failed below the yield load 6¢2A and the test re-
sults revealed the anticipated trend of lower capacities relative to the
yield load with increasing local slenderness, reflecting the increased
susceptibility to local buckling. Note that all shell test specimens were
printed in the & = 90° direction; although the material strengths were
found to be lowest in this direction, this remains the most practical

jometers

gauges

Fig. 18. Experimental configuration for shell compression tests.
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Fig. 19. Post-ultimate out-of-plane deformations (unit: mm) of cylindrical shells, with increasing slenderness from left to right.
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Fig. 20. Typical axial load end-shortening curve and DIC results from the
compression test on specimen C180 x 0.7, showing axial strain distributions
(unit: %) (a) at 0.5Ny, (b) just after N, and (c) when unloading (also showing
(d) out-of-plane deformations).

250
——LVDT+SG
200 | ----DIC
2 C180x1.0
4 /
=150 N
el D
< D
2 N
=100 | _\C150><1.0
> SSh oo
< R S
50 | C200%0.7
C150%0.7 C180%0.7
0 1 1 1 1
0 0.5 1 1.5 2 25

End shortening J (mm)

Fig. 21. Measured axial load end-shortening curves of all test specimens.
printing strategy.

7. Comparisons with existing design provisions
7.1. General

The European stability design provisions for cylindrical steel shells
are set out in EN 1993-1-6 [56], which utilises the concept of fabrication
tolerance quality classes to reflect the sensitivity of the buckling resis-
tance of shells to local imperfections. The applicability of these pro-
visions to additively manufactured cylindrical shells is assessed herein

12

through comparisons against the generated experimental data, as well as
additional results established numerically. Comparisons are also made
against existing test data on conventionally manufactured cylindrical
shells. In the comparisons presented, the measured (or modelled) ma-
terial and geometric properties of the test (or FE) specimens are
employed, and all partial safety factors for resistance are taken to be
unity. A total of 683 experimental and 3096 numerical data points
pertaining to axially compressed cylindrical shells are considered in this
work.

7.2. Assembled test dataset

Experimental data on axially compressed metallic cylindrical shells
from 61 previous studies [21-23,65-122] have been collected. Only
specimens with lengths satisfying 1 < L/L. < 100 and L/R < 10 were
considered, where L. is the classical meridional half-wavelength,

calculated as L. = W\/ﬁ, where v is the Poisson’s ratio, r is
=

the radius of the cylinder and t is the thickness, to ensure the shells were
sufficiently long to prevent end effects and to contain a representative
pattern of local imperfections but still short enough to preclude global
buckling. The full dataset contained 679 specimens, consisting of 371 on
steel [21-23,65-99], 172 on aluminium [96,97,100-113], 51 on brass
[94,95,98,99,109,114,115], 45 on copper [116-118] and 40 on nickel
[55,98,119-122] shells. The collected results, together with the L-PBF
stainless steel stub column data from the present study and from [4], are
analysed in Section 7.5.

7.3. Complementary numerical data

Two computational analyses—a linear bifurcation analysis (LBA)
and a geometrically and materially nonlinear analysis (GMNIA), were
conducted using the software package Abaqus 2022 [123] to expand the
database of axially compressed L-PBF stainless steel cylinders. LBA was
used to generate an eigenmode geometry to represent the local imper-
fection pattern, and a measured (or modelled) imperfection amplitude
was used to scale the pattern in a subsequent GMNIA, as recommended
in EN 1993-1-6 [56]. The four noded shell element with reduced inte-
gration (S4R) from the ABAQUS element library [123], which has been
successfully used in previous studies on thin-walled stainless steel
structural elements [124-128], was employed with 5 integration points
through the thickness. The employed mesh size was set equal to 0.2
(DH)/2, which is approximately 15 % of the theoretical axisymmetric
elastic bucking half-wavelength in compression, as recommended by
Zhang et al. [19]; this mesh size was found to be sufficiently fine for
capturing the local buckling behaviour of the cylindrical shells while
maintaining high computation efficiency. Fixed boundary conditions, as
employed in the tests, were simulated by coupling the end sections of the
cylinders to reference points, with all degrees of freedom, except lon-
gitudinal displacement at the top reference point, restrained, as shown
in Fig. 22. For both the FE validation and parametric studies, the
adopted material stress-strain curves for the L-PBF 316L and CX stainless
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Fig. 22. Geometry,
for cylinders.

loading and boundary conditions of FE models

steels were derived by averaging the two-stage Ramberg-Osgood pa-
rameters from the tensile tests, as summarised in Tables 3 and 4.

The established FE models were validated against the experimental
results, considering failure modes (see Fig. 23, where outward and in-
ward deformations are coloured in red and blue, respectively) for all
cylindrical shells and typical load-deformation histories (Fig. 24). The
ratios of the numerical to experimental peak loads Ny pp/Nyzest and
corresponding deformations 6, rr/8y,test for all shell specimens, together
with the test and FE number of circumferential waves, are reported in
Table 7. The numerical failure modes, number of circumferential waves,
peak loads and deformations at the peak loads generally match the
experimental results, indicating the successful replication of the buck-
ling behaviour of thin cylindrical shells manufactured by L-PBF.

Upon validation of the developed FE models, parametric studies
were performed considering a wide range of cross-sectional slenderness
values A, the (from 0.2 to 2.0) and length-to-radius ratios (from 1.5 to
2.5), two different stainless steel grades (CX and 316L) and four levels of
imperfection amplitudes (corresponding to fabrication tolerance quality
Classes A, Band Cin EN 1993-1-6 [56] and worse than Class C (Q = 10)).
In total, 3096 axial compressive resistance results were generated in the
numerical simulations.

7.4. EN 1993-1-6 design provisions

According to the European standard EN 1993-1-6 [56], axially
compressed cylindrical shells are divided into short (L v/rt < 1.7), me-
dium (1.7 <L /rt < 0.5r/t) and long (L /rt > 0.5r/t) length cylinders. A
factor Cy is used to scale the elastic critical buckling stress o) for short
and long cylinders, and the modified meridional squash limit is applied
for long cylinders. This standard uses a generic capacity curve that
correlates the buckling reduction factor y (equal to Rx/Rp) of a shell
with its relative slenderness A. defined as /Ry R from Eq. (4), where
Ry represents the characteristic buckling resistance, and Ry and R are
the reference plastic and elastic critical buckling resistances,
respectively.

C150x1.0 C180x1.0

C150%0.7
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Fig. 24. Comparisons of typical experimental and numerical load-deformation
curves for 316L cylindrical shells.
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The characteristic buckling resistance Ry can be derived from ex-
periments or the geometrically and materially nonlinear analysis
(GMNIA) of an imperfect shell, and the two reference resistances Ry, and
R.; can be determined from materially nonlinear and linear bifurcation
analyses (MNA and LBA), respectively. The capacity curve comprises
stocky (plastic collapse), slender (elastic buckling) and intermediate
(elastic-plastic buckling) segments, as shown in Fig. 25, and is controlled
by key capacity parameters, including the hardening limit yy, the squash
limit slenderness 4o, the elastic buckling reduction factor a, the plastic
range factor f8, the interaction exponent factor # and the plastic limit
relative slenderness 1,, as summarised in Table 8 for medium-length
cylinders under uniform axial compression. To allow for the effects of
geometric imperfections, the parameters a, § and 5 are defined as a
function of the imperfection amplitude Awy (equal to é\/r_t), which is
related to the fabrication quality parameter Q, where Q is respectively
taken as 40, 25 and 16 for Class A (excellent), Class B (high) and Class C
(normal). For materials with nonlinear stress-strain curves, such as
stainless steels [129], a reduced value of the elastic modulus E;eq, which
can be conservatively taken as the secant modulus at the 0.2 % proof
stress Egec, is used in the determination of the elastic critical stress o, or
load R [56]. The collected test data, together with that generated in the
present study, are plotted against the cross-sectional slenderness Z. in
Fig. 26(a), together with the EN 1993-1-6 design curve for L-PBF 316L

C180%0.7 C200~+0.7

Fig. 23. Numerical failure modes of the tested circular cylindrical shells, with increasing slenderness from left to right.
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Table 7
Comparisons of test results with FE results for test shells.
Specimen Material Ny est (KN) Sy test (mm) Mest Nyre (kN) Sy,pe (mm) Mg, Nuyre OuFE
NU.leS[ 60.[&5[
C150 x 1.0 316L 186.8 0.62 5 187.9 0.63 5 1.01 1.01
C180 x 1.0 316L 208.2 0.59 6 209.1 0.64 6 1.00 1.08
C200 x 1.0 CX 366.4 0.57 7 366.8 0.54 7 1.00 0.94
€150 x 0.7 316L 113.3 0.50 7 112.2 0.45 7 0.99 0.90
C180 x 0.7 316L 125.7 0.49 8 126.3 0.48 8 1.00 0.99
C200 x 0.7 316L 130.2 0.49 9 130.3 0.62 9 1.00 1.27
Mean 1.00 1.03
cov 0.01 0.13
X :Rk/Rpl
\ \
1.0 .
According to EN1993-1-6:
Step 1: R~ load ratio to reach
plastic resistance limit
Step 2: R, —load ratio to reach
critical instability limit
Step 3: 4, = /R, / R,
Step 4: x=f (4,)
Step 5: R=x Ry,
Relative slenderness A,
Fig. 25. Basic concept and procedure of EN 1993-1-6 buckling design specification.
Table 8

Meridional buckling parameters for medium-length cylinders from EN 1993-1-6 [56].

Elastic buckling reduction factor a Plastic range factor $

Interaction exponent 7

Hardening limit yy Squash limit slenderness 4o Plastic limit slenderness 7,

0.83
1+ 2.2(Awy /1)

095
1+ 1.2(Awy /D)

5.4

! 1+ 4.6(Awy /D)

1.0 0.2 a

1-p

stainless steel cylindrical shells with Class A fabrication quality; the
generated FE data for 316L and CX stainless steel cylindrical shells with
four levels of imperfection amplitudes are plotted in Fig. 26(b) and (c).
EN 1993-1-6 may be seen to provide safe-sided predictions for the
buckling resistances of axially compressed cylindrical shells manufac-
tured by L-PBF.

7.5. Assessment of resistance predictions

Comparisons between the ultimate loads from the experiments and
numerical simulations and the EN 1993-1-6 resistance predictions are
made in this sub-section. The normalised compressive resistances N,/
Ny,pred are plotted against the cross-sectional slenderness in Fig. 27, and
the statistical results are provided in Table 9, where Nygcs are the
resistance predictions derived from EN 1993-1-6 [56] and COV is the
coefficient of variation. EN 1993-1-6 may be seen to yield generally
consistent and safe-sided predictions of the buckling strength of the
tested and modelled L-PBF stainless steel cylindrical shells across a wide
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range of cross-sectional slendernesses, though with increasing scatter at
higher slenderness.

8. Conclusions

This paper presents an experimental and numerical study into the
buckling behaviour of additively manufactured stainless steel circular
cylindrical shells under axial compression. Six cylindrical shells were
additively manufactured using L-PBF, and examined from a micro-
structural, material and cross-sectional perspective. The tested L-PBF
316L stainless steel exhibited some mechanical anisotropy, with the 8 =
0° coupons showing higher strengths but substantially reduced ductility
compared to the = 90° coupons. Compression tests were carried out to
ascertain the local buckling resistance of the studied shells. The initial
geometric imperfections and deformations (and strains) were measured
using the state-of-the-art techniques—3D-laser scanning and digital
image correlation. All cylindrical shells buckled below their yield loads
in an asymmetric chequerboard pattern and showed the anticipated
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Fig. 26. Comparisons of (a) experimental and numerical buckling resistance with EN 1993-1-6 resistance predictions for L-PBF (b) 316L and (c) CX stainless steel
CHS in compression, where the design curve in Fig. 26(a) corresponds to the Class A fabrication quality for L-PBF 316L stainless steel.
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Fig. 27. Comparisons of test and FE resistances with resistance predictions
from EN 1993-1-6 [56] for circular hollow sections in compression.
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Table 9
Comparisons of experimental and numerical results with EN 1993-1-6 resistance
predictions for stainless steel CHS manufactured by L-PBF.

Evaluation parameter Test data, this study FE data

No. of data Nu/Nygc3 No. of data Nyu/Nyc3
Mean 6 1.07 3096 1.63
cov 0.08 0.30

trend of reducing load-bearing capacity with increasing local slender-
ness, reflecting the increasing susceptibility to local buckling. The
generated experimental and numerical data on L-PBF stainless steel
cylindrical shells were used to assess the applicability of EN 1993-1-6;
EN 1993-1-6 was found to provide consistent and safe-sided buckling
resistance predictions for the studied L-PBF stainless steel cylindrical
shells subjected to axial compression, with the Class A fabrication
quality being most suitable based on the experimental measurements.
The tested cylindrical shells had D/t ratios up to 270; future research
could be dedicated to larger and more slender PBF shells as this
manufacturing technology advances.
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