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Numerical modelling of parts distortion and beam supports breakage
during selective laser melting (SLM) additive manufacturing

Yves Bresson'? - Amévi Tongne' - Pierre Selva’ - Lionel Arnaud’

Abstract

The Selective Laser Melting (SLM) process has been progressively endorsed as an industrial manufacturing technique to
produce high value-added components. However, one of the main obstacles to its wide application is the uncertainty
regard-ing the successful completion of the manufacturing process. Mechanical stresses are generated and accumulated
during the process, which may lead to the parts warping and cracking. Support structures may also detach from the part but
it is not certain that these cracks conduct to the manufacturing failure. The process simulations currently available do not
consider the cracking of the supports and the ongoing part’s deflection. The aim of this study is to investigate cone
supports fracture behaviour comparing the results from a numerical model and the manufacturing of an industrial part. A
model using 1D-beam elements to mesh the supports has been developed to consider the damage of the supports, their
breakage and the ongoing deflection. Some numerical convergence issues are identified and solutions are proposed.
Specific experimental set-ups are developed to characterise the behaviour of the supports individually and as a group.
Significant improvements are denoted while injecting the measured characteristics within the model. Some key parameters
of the supports damage behaviour are identified. It is shown that the supports mechanical characteristics are significantly
different from the parts due to their manufacturing conditions and environment. Also, limitations regarding the
characterisation of the supports as well as strong numerical convergence issues brought by multiple supports cracking are
discussed.

Keywords Additive manufacturing - SLM - Numerical simulation - Beam supports - Breakage - Stainless steel (316L)

1 Introduction

Highlights . ‘ Additive manufacturing (AM) denotes a group of manu-
° l:;g;ea‘:;mem modelling of cone supports and specifically the facturing processes that permits complex near net shape
e Support b.reakage simulation and part’s distortion after supports components. Selective Laser Melting (SLM) is one of the
breakages. most common metal AM techniques used in the industry. It
e Model results are compared to four additive manufacturing consists of spreading thin powder layers (30 - 70 ym thick)
commercial software. over a build plate, then consecutively scan and melt the pow-
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Since supports manufacturing requires scanning time, post-
processing steps and consumes material, it generates non-
negligible costs [4]. A recent machine manufacturer [5] and
a few studies have been focusing on ways to avoid or to mini-
mize their usage [6, 7] and the mechanical post-processing
steps [8—12].

Supports are to be present in sufficient amount on over-
hanging regions, namely those inclined with an angle below
45° with the horizontal plane [13, 14]. Numerous supports
geometries could be used. Most of them are presented in
the works conducted by Jiang [3], Calignano [13] and
Leary [15]. This study will focus on beam-like (also named
cone or strut-like) supports, commonly used in the industry.
In addition, standard process parameters optimized for this
class of supports have been used, provided by the machine
manufacturer.

Supports could help prevent the occurring of parts defor-
mation, warping and cracking [16], which are part of the
main four SLM defect types (including porosity [17]). Sev-
eral commercial codes are conceived to grant the deforma-
tion and residual stress distributions along with the manu-
factured parts. Some of them (Inspire [18], Amphyon [19],
Netfabb [20], Simufact [21], ESI Additive Manufactur-
ing [22]) have been tested in this article on an industrial
part. The various models are based on different approaches
(such as 3D-modelling, homogenised structures, plate ele-
ments, etc.) and most of them precisely model the supports
and their distortion, as illustrated in Fig. 1. However, none
of these software is able to model the supports breakage and
the continuation of manufacturing with fractured supports.
Detached Netfabb supports on Fig. 1 are not detached from
a computed fracture: it is due to a display error caused by
the meshing.

Supports

Supports

(a) Amphyon’s
distortion results.

support(b) Netfabb’s support dis-
tortion results.

Fig. 1 Examples of support meshing from two commercial codes

It is commonly accepted that the damage of the support-
ing structure generally leads to failure of the part’s manufac-
turing. However, the cone supports’ fracture in a dense tree-
like structure could happen on multiple occasions without
degrading the part. This article aims to simulate the damage
and fracture of the supports used in additive manufacturing
and to evaluate the final result.

The numerical model developed in this work predicts sup-
ports fracture using beam elements and voxel elements to
mesh supports and parts. Thus, the article is decomposed
as follows: Section 2 refers to the literature regarding both
the modelling and optimisation processes in SLM with a
specific focus on supports. In Section 3, a practical industrial
case is presented and simulated using current commercial
codes. Distortion results regarding the supports and the nar-
rowing area at the interface with the part are discussed. In
Section 4, a novel modelling approach for cone supports is
presented using one-dimensional beam elements in Finite
Element (FE) analysis. Numerical results and parameters
are discussed in Section 5.

2 State of the art
2.1 SLM general modelling methods

Considering SLM process numerical modelling, several
spatial and temporal discrete levels could be used and even
combined in multiscale frameworks [23-25]. The work pre-
sented in this article concentrates solely on modelling part-
scale deformations developed during the process.

As discussed by [26-28], thermal distortions and residual
stresses are consequences of the process complex thermal
history. The SLM process involves extremely fast cooling
/ heating phases that could reach magnitudes in the order
of 10 K/ us to 20 K/ us [29]. Hence, numerous studies have
developed sophisticated thermomechanical models to cap-
ture the impacts of those thermal loadings on mechanical
residual stresses and deformations [30-35]. Several numeri-
cal methods, such as quiet elements method or inactive ele-
ments method, could be used to model the SLM process, as
described by [36]. Michaleris [37] mixed these approaches
in a hybrid quiet inactive element method to mitigate each
method’s drawbacks. Moreover, whereas the physical layer
thickness ranges in the order of tens of microns, it is a com-
mon approach to model thicker layers (macro layers) to
reduce computational times [38]. Hence, in the numerical
modelling process, it is possible to activate the elements
one by one, in a layer-wise fashion, or macro layer by macro
layer.

A method first developed for the welding process in the
70s is referred to as the inherent strain method [39]. This
method allows a significant reduction of the computational



effort. Numerous works have used such methods to simulate
metal AM processes, based on the inherent strain approach:
some of them advanced limitations and others proposed
some improvements [40—44]. These inherent strain-based
methods are used in recent studies which simulate and even
optimise the supports used in SLM [45-48].

2.2 Support modelling approaches

The connection area between supports and parts (the teeth)
often need to be optimised [49]. It could be modeled by a
very thin mesh size to represent the residual stresses finely
at these locations. For instance, Cao et al. [8, 50] have been
using almost 200 000 brick-type elements to simulate the
machining process of a few beam supports.

Also, since the supports’ scanning strategies and geom-
etries are different from the parts, it is assumed that the sup-
port material properties might vary. Thus, some studies have
been considering tensile testing supports of different geom-
etries [15, 16, 51] to characterise their behaviour. However,
there is still a lack of data that could help AM-engineers to
design supports, and standard methods to test these struc-
tures repetitively are still required.

2.3 Supports design and optimisation

Well-developed AM process studies can also be found in
patents. Many provide methods regarding supports such
as their positioning [52-54], their geometry [53, 55-64],
methods to break them easily [65] or to design them in an
effective heat diffusion fashion [66, 67]. Numerous param-
eters have an impact on supports integrity, such as scanning
parameters [7, 68, 69] and parts orientations [6, 70, 71].
Some supports optimization researches [72—74] showed that
the ability of the supports to diffuse heat out from upper
layers could improve parts overall fatigue performance [75].
Several studies have focused on comparing and selecting
geometries based on objective function or experimental test-
ing [2, 13, 17, 49, 76]. Recent works have designed supports
using topological optimization [45, 48, 77] and taking into
account supports crack risk during manufacturing [47, 78].

Hence, supports are the subject of numerous research
since the last decade, and there is still a lack of understand-
ing regarding their behaviour during the process. In par-
ticular, several research works have developed optimization
frameworks regarding the supports geometries and weight
reduction. But a few tried to anticipate the supports breakage
and the subsequent part distortion [79]. It is common that a
few supports break away from the part without ceasing the
build or invalidating the part, especially because the sup-
ports breakage would generally happen while scanning a
layer far above the fracture site, or even during the final cool
down of the build.

3 Study case
3.1 Description

The part used in this study is a hydraulic joint used in the
aeronautic field to channel oil fluids into aircraft compo-
nents. The part has been topologically optimised, taking
into account all lifetime forces, including machining forces,
in a previous work [80]. The topological optimization led
to a weight reduction from 210 g to less than a 100 g and
75% hydraulic performance improvements. The initial and
final geometries are shown in Fig. 2. Only one part has been
placed on the build plate, and its supporting can be seen
in Fig. 2c. Its orientation has been chosen mainly to avoid
the use of internal supports within the oil pipes. The beam
supports geometries as well as their positioning are user-
defined. The total manufacturing height was 66.8 mm.
Several Additive Manufacturing machines and materials
have been tested to manufacture the hydraulic joint. The
same observation was made with every configuration: the
supports broke under the hydraulic joint arm. The resulting
manufacturing using a Renishaw AM 400 machine is dis-
played in Fig. 3. The machine used a 400 W fiber laser source
of 70 um beam diameter. The material used was 316 L stain-
less steel powder provided by the machine manufacturer

(a) Initial part (functional(b)Topologically opti-
surfaces in red) [14]. mised part.

(¢) Part and its supports (zoom in the tooth area).

Fig. 2 Industrial hydraulic joint [80]



Table 1 316L stainless steel
powder characteristics

Elements Fe Cr Ni

Mo Mn Si N (6] P C S

Mass (%) Bal. 16—18

10-14 2-3 <2

(particle size of 15-45 ym, the chemical composition from
the provider [81] is detailed in Table 1). The standard manu-
facturing process parameters are listed in Table 2.

The manufacturing process has been considered suc-
cessful, however 12 supports located under the arm of the
hydraulic joint had broken, as shown in Fig. 3. Supports
detachment caused the part to warp a little and to collide
smoothly with the layering system, even though the manu-
facturing process completed. While the precise instant of
the rupture cannot be defined precisely, it is assumed that
the smooth collision occurred hundreds of layers above the
supports. It could be explained by the cumulative thermal
shrinkage effect during the build up of the component. The
shrinkage of later printed layers results in an additional
stress of the layers below. This, in turn, would lead to sup-
ports breakage when exceeding their ultimate tensile stress.

For availability reasons, all the mechanical samples used
for the characterization process were manufactured with a
DMP ProX300 machine. The machine parameters are dis-
played in Table 2.

3.2 Numerical simulation using commercial codes

The above-mentioned additively manufactured part has
been simulated using four commercial codes: Netfabb,
Amphyon, Inspire and ESI Additive Manufacturing. Due
to the specificity of each software, it was not possible to
compare the simulation results using the same meshing
strategy or the same computation time. Hence, these simu-
lations were not meant to quantitatively compare the soft-
ware, but to illustrate obtained results from each of these

Table2 SLM process parameters for 316L stainless steel material.
No contour parameter is set on ProX300 machine

Parameter AMA400 ProX300

Layer thickness 50 um 40 um
Beam diameter 70 um 70 um
Preheating temperature 170° C -

Bulk part
Laser power 195w 172w
Scanning speed 750 mm/ s 1800 mm/s

Cone supports
Laser power 195w 172w
Scanning speed 750 mm/s 1800 mm/s

Contours
Laser power 110w -
Scanning speed 200 mm/s -

commercial code currently available. The global results of
each software are displayed in Table 3.

The deformation results are illustrated in Fig. 4. They
range from 0.40 mm to 2.52 mm. Each code predicted high
deformation magnitudes in the area where the supports
experimentally broke away. Only Amphyon software could
finely mesh the supports.

Hence, several AM software are able to simulate the
parts distortion. Most of them predict accurately the
defects location and the global deformation as well as local
plasticity. However, none of them model the supports dam-
age or their breakage, which is an important consideration
to prevent the whole build interruption.

4 The numerical models developed
and the experimental data used
4.1 Numerical method
The numerical model consisted of an assembly of several

instances: a build plate, the supports, and the hydraulic
joint (the part). The build plate was a rectangular instance

A
3

Suppgrt breakag

(a) Front view. (b) Rear view.

Fig. 3 Distortion of the part causing supports breakage

Table 3 Commercial codes hydraulic block simulation results. “NC”
stands for “Not Communicated” information by the software provider

Code Max displacement  Non cubic Computation time
voxels

Amphyon  1.75 mm Yes <10 min.

Netfabb 2.53 mm No NC

Inspire 0.68 mm No <10 min.

ESI 2.17 mm No NC




‘one of interest

(a) Netfabb (b) Amphyon

(¢) Inspire

(d) EST AM

Fig.4 Four commercial codes hydraulic block simulation displace-
ment fields, zoom on the hydraulic joint arm. Simulated critical
regions are indicated with a red arrow

of dimensions 70.9 mmx 53.9,mmx 20,mm meshed with
153 360 Abaqus C3D8-type (brick) elements. The hydraulic
joint was meshed using cubic voxel elements before being

Fig.5 joint Abaqus models
with the build plate, voxel (a)
and beam (b) supports

() 1 ‘A‘
. Voxel supports

Build plate

(a) Voxel supports.

imported in ABAQUS software: 203 736 C3D8-type voxel
elements were used.

The model was developed using Abaqus/standard, and the
model generation was fully automated using a python script.
The resolution was fully mechanical: user-defined thermal
strains were applied by incrementally varying the tempera-
ture fields. Using a linear Coefficient of Thermal Expansion
(CTE), these temperature variations drove thermal-induced
strains. In this study, the CTE value was set to 18 K~! [82].
The part’s mesh size was set to 0.5 mm, which corresponds
to the thickness of ten physical layers. This layers bundling
will be mentioned as a macro layer in the next sections. The
first simulation step in Abaqus consisted of deactivating the
hydraulic joint and the supports. Then, at each further step,
a novel macro layer was activated at the material melting
temperature (1673 K). To simplify the study, no thermal
equation was solved: the cooling process was simulated by
setting consecutive temperature drop steps. Hence, at each
step, each already activated macro layer was cooled by 153
K until it reaches the room-ambient temperature. Numerical
thermal studies indicated that nine steps were required for
the layer temperature to reach the room-ambient temperature
(293 K).

Two models were created with different meshing strate-
gies for the supports:

The first model employed 0.5 mm length Abaqus C3DS-
type voxel elements (see Fig. 5a) to mesh the supports. This
way, 47 857 elements were added to model the support struc-
tures. The voxels could not represent the narrowing at the
zone linking the supports to the part (the tooth area). Section
and material properties were homogeneous throughout the
supports. This is due to the difficulty of identifying the vox-
els corresponding to the supports teeth, which are merged
with the supports core and the part while using such mesh
length.

(b) Beam supports.
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Fig. 6 MPC constraints between some supports and the build plate

The second model consisted of meshing the supports with
Abaqus B31-type beam elements (see Fig. 5b). Multi-Point
Constraints (MPC) are used to connect the supports’ ends
to the build plate and the hydraulic joint (see Figs. 6 and 7).
Although the voxel elements could not represent the geo-
metrical narrowing at the tooth area, 1D elements have been
implemented with a uniformly reduced section to model the
narrowing at the tooth area. It is the scope of future stud-
ies to use progressive section reduction at these locations
instead of a uniformly reduced section.

Regarding the mechanical properties, literature values were
used since 316L material mechanical characteristics have been
well studied for the SLM process. Mean values from literature
are listed in Table 4 [83-95]. Since the thermal history is not
computed in this study (the model is fully mechanical), the
material parameters are temperature-independent. This behav-
ior could be improved in a future study, specifically, the tempo-
ral aspect is not considered (to introduce the viscoplasticity for
instance). It can be seen from Table 4 that the fracture strain A%
parameter taken from the average literature values is less than
the standard specified value [96]. It can be explained by the fact
that the standard value was set for conventional annealed and
cold-worked austenitic stainless steels, although the literature
values were measured as-built from SLM specimens. Hence, it
is expected that the as-built SLM-manufactured specimens are
more fragile than conventional 316L.

To model the overlapping at the base of the supports,
horizontal 1D elements have been added all along the verti-
cal cone supports, binding the cone supports to one another.
Supports are generally linked to their neighbours at the base,
hence the overlapping should be considered. Specifically, the
horizontal stiffness resulting from the overlapping should
be accounted for. Several investigations were launched and
promising results were obtained on simple models. However,
using the hydraulic joint model, too many supplementary
instances and elements were generated, and the automatic
scripts could not complete. An alternative way will be
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Fig.7 1D Beam supports nodes

investigated as an improvement to account for the overlap-
ping at the base of the cone supports.

A ductile damage initiation criterion [97] was defined for
predicting the onset of damage in every models. Its value
corresponded to the fracture strain (34%) mentioned in
Table 4. A displacement damage evolution was used to link
the damage as a function of the plastic displacement after
damage initiation. The damage varied linearly with the
deformation (Linear Softening in Abaqus). The effective
plastic displacement at the point of failure parameter E;’l [98]
was set to 0.05 mm for an element length of 0.5 mm. This
parameter is linked to the element damage variable d
as [98] :

. :pl
J= Lé

Y €))
“53

where L is the characteristic length of the element (equal for
all elements throughout the model) and é” is the equivalent
plastic strain variable.

Table4 Mean 316L stainless steel mechanical properties from [83—
95] and ASTM A666-15 Standard [96]

Characteristics Literature ASTM Standard
Young Modulus E 180GPa -

Yield strength R, 496MPa 170 MPa
Tensile strength R, 614MPa 485 MPa
Fracture strain A% 34% 40%




Then, when J, ¢r! equals E}fl value, the degradation is com-
pleted. Elements are deleted from the simulation once the
damage variable is equal to 1. These damage parameters
were kept constant for all element sizes presented in the fol-
lowing sections.

Using beam elements to mesh the supports has gener-
ated numerous instabilities, and convergence issues came
out. It was determined that the instabilities come mainly
from the buckling phenomena using an elasto-plastic behav-
iour : Indeed, some supports are under compression load-
ing. The Abaqus standard solver used in this model is not
able to overcome such instabilities occurring at the same
time on various locations, so the solver would not converge.
Two strategies have been tested to tackle these problems in
a static resolution : using another resolution algorithm or
using simplifying hypotheses to prevent the buckling phe-
nomenon. Some tests have been done and showed that the
Abaqus Riks solver was able to converge for a single beam
in compression while using elasto-plastic material proper-
ties. However, the Activation tool is not available using this
solver and mixing both standard Static and Riks solvers
would require to restart the computations at each step. This
solution is not recommended because of the computation
efforts required.

The second strategy prevents all the rotations at each node
of the beam. This strong assumption artificially stiffens the
structure but it is expected from experimental trials that the
main damage come from traction loadings at the tooth area.
This assumption will be used in the following models.

4.2 Numerical results and experimental comparison
4.2.1 3D-voxel and 1D-beam elements simulation results

Von Mises stress and displacement fields using 0.5 mm voxel
elements to mesh the supports are displayed in Fig. 8. No
supports were detached from the part using voxel elements
(as seen in Fig. 8c), however the maximum displacement
value (2.05 mm) is significant and would lead to invalidate
the part. It can also be seen from Fig. 8a that some exces-
sive stress values were obtained. All these excessive values
(significantly higher than the tensile strength of 614 MPa,
mentioned in Table 4) are due to the large mesh size. Indeed,
the stresses are computed at the elements integration points,
however, the contouring algorithm used by Abaqus to fill the
contour plot (i.e. the stress fields) makes use of the nodal
values. The nodal values are then extrapolated from the inte-
gration points values [99]. In fact, while extracting the von
Mises stress values at the integration points of the hydraulic
joint elements, the value did not exceed 614 MPa.

The stress levels of interest are those of the supports,
shown in the black frame in Fig. 8c in the range 0 — 614 MPa

(see Table 4). It could be noted that the stress distribution
within the voxel supports looks homogeneous. The global
displacement fields are displayed in Fig. 8b and the maxi-
mum displacement values are located at the hydraulic joint
arm, as shown in Fig. 8d. It corresponds to the location of
the supports breakages and significant distortion of the man-
ufactured part. The observed part rotation happened after the
fracture of numerous supports, hence it was not considered.
The computation time for this simulation is about 1.6 day
using 12 core AMD Opteron™ 6376 2.3 GHz — 128 Gb
RAM (Random Access Memory).

Simulation results using beam elements to mesh the 354
supports are displayed on Fig. 9.

The computation times for this model were about 1.8 day
on 12 core AMD Opteron™ 6376 2.3 GHz — 128 Gb RAM.
Figures 9a and 9b display the whole Abaqus assembly, with
render beam profile option activated (this option would show
the 1D-beam elements with a 3D profile, as in Fig. 5b).
Figure 9c and d display the supports only, also with render
beam profile deactivated. Unlike the voxel supports, the 1D
cone supports stress fields are not homogeneous through
the supports for several reasons : the main stress values are
located at the teeth area while using the 1D-beam elements
since the section reduction is considered. Also, in this case,
each beam is independent from its beam neighbours, con-
trarily to the voxels, connected one to the others. Just like
the voxel model, excessive stress values were artificially
extrapolated by Abaqus at some part elements. However,
the stress range within the supports does not exceed the
tensile strength from Table 4. Despite the fact that the two
models integrate damage and fracture, only beam supports
have been detached from the part during the simulation. The
detached support elements are those for which the damage
was completed and they were deleted during the simula-
tion. There are 126 deleted elements, hence 126 detached
supports. This number of detached supports is significantly
higher than the experimental production (supports breakages
were located on the hydraulic joint arm as shown in Fig. 3).

It could also be noticed that all the breakages appeared
at the tooth location, no supports have been detached from
the build plate or at a midsection. This behaviour is due
to the radius shrinkage at the tooth area which results in a
stress concentration area. It is worth mentioning that some
supports have completed the damage and their teeth has
been detached while suffering compression solicitations.
This behaviour is not representative since the cracks may
not propagate as they could in traction. These compression
loadings are the reason for hindering all the rotations, they
lead to buckling phenomena and convergence issues.

The simulated displacement magnitude (maximum value
of 2.94 mm) and the number of detached supports is too
large compared to the experimental results (12 supports
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(¢) Von Mises stress (MPa), zoom on supports and(d) Displacement fields (mm), zoom on supports and

hydraulic joint arm.

Fig. 8 3D-voxel simulation results: stress and displacement fields

instead of the 126 detached supports in the simulation). It
is necessary to understand the reasons of such discrepancy
and to calibrate the model to fit the actual supports behav-
iour. Hence, in the next sections, some investigations will be
launched to identify the main parameters within the model
that generate such differences in the simulation results. First,
we will look at the mechanical behaviour of the supports as a
group, in a controlled loading case. Hence, a self-developed
multi-support set up will be tensile tested and the force-
displacement measurements will be compared to a numerical
simulation.

4.2.2 Multi-supports set up results

The previous 1D-beam elements supports model have con-
verged and some of the beam supports detached from the
part, including those at the arm of the hydraulic joint (the
location we expect from the experimental results shown in

hydraulic joint arm.

Fig. 3). However, too many beams have been detached from
the part and it may be due to numerous factors (i.e. too weak
material properties, non-representative temperature condi-
tions, abrupt section reduction for teeth radius, bending
phenomenon in the supports, stiffening from the neighbour-
hood supports, damage during compression phase, etc.). At
first, we will compare the behaviour of an experimental set
up having several cone supports with a tensile test at room
temperature and compare the results with a simulation. The
same parameters as in the previous models will be used.

A multi-supports set up (shown in Fig. 10) is additively
manufactured for tensile testing. Its objective is to com-
pare the maximum force applied to detach the beam sup-
ports from a part, experimentally and numerically, using
literature material properties. Seventy-nine supports of
base diameter 1.10 mm were meshed with B31 beam ele-
ments, their teeth having a uniform diameter of 0.75 mm (the
minimum diameter of the real teeth). The section variation
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Fig. 9 Beam elements simulation results: stress and displacement fields

from 1.10 mm to 0.75 mm is abrupt, and a smoother vari-
ation might be implemented using non-standard beam ele-
ments in a future work. As in the hydraulic joint case, the
value 0.75 mm was proposed as standard by the manufac-
turer software. The mesh size applied to the supports was
0.1 mm in order to accurately retrieve the force magnitude
and the displacement fields. Supports were meshed using
5530 linear B31 beam elements. The set up consisted of a
part that could be pulled from a central hole. The contact
at the central hole was idealised through the superior sur-
face of the hole, this assumption having no impact on the
teeth loadings. The numerical model was established with
the same file used for the production. The part was meshed
using 305434 linear hexahedral elements of type C3D8I
(mesh size of 250 ym). A reduced build plate of dimensions
22.5 mm * 10 mm * 9.3 mm was used to numerically attach
the supports. The boundary condition applied at the bot-
tom of the build plate prevented any displacements. As in
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Broken supports

(d) Displacement fields (mm) on beam supports

the hydraulic joint model, the beams rotations were artifi-
cially frozen to avoid instabilities due to multiple buckling.
A vertical displacement boundary condition of 0.7 mm was
set at the hole’s upper surface to simulate the experimental
loading. Taking into account the elasticity of the mounting
assembly (the Tensile test apparatus on Fig. 10a) in a spe-
cific numerical model. It was concluded that the mounting
assembly elasticity did not have a significant influence on
the tensile results, hence it could be assimilated as an rigid
assembly.

The multi-supports set up model and simulation at a
specific displacement increment (for which the peak stress
value is attained) are displayed on Fig. 10. From Fig. 10c,
it could be seen that the main stresses are located at the
tooth area. The underlying supports having a larger diam-
eter (1.10 mm compared to 0.75 mm at the tooth location)
suffer less than half the stress magnitude than the teeth. The
extracted displacements were chosen at the top of a tooth
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(b) Abaqus model of the multi-support set-up. (c) Von Mises stress fields at the peak stress value.

Fig. 10 Multiple cone supports experimental and model set-up, as well as simulation results at the peak stress value

(the displacement was similar for all teeth). The reaction
forces were retrieved from the bottom surface of the build
plate (as in Fig. 10a).

The whole force-strain curves from the experimental ten-
sile test and the simulation are shown on Fig. 11. The simu-
lated curves are shown with two different values of the effec-
tive plastic displacement at the point of failure, presented

in Section 4.1. It could be seen that the better match of the
completed damage is obtained using the value 0.01 for the
effective plastic displacement at the point of failure.

In the hydraulic joint model (Section 4.2), the 0.05
parameter value was used. Indeed, it was not possible for the
simulation to converge while using a most suitable effective
plastic displacement parameter (0.01). Hence, while using a
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Fig. 11 Multi-supports set up experimental and simulated force-strain
tensile test result

value of 0.05, 126 supports were detached from the hydrau-
lic joint model. Using the degradation variable, it was pos-
sible to estimate the number of additional detached supports
with a value of 0.01: only 7 more would have been detached.
Then, increasing the number of supports increases the risk
of having several damaged supports, and the risk for the
simulations to fail to converge.

It can be observed in Fig. 11 that the simulated plastic
behaviour is below the experimental. This shows that the
tensile strength value that was set in the model (614 MPa)
is too low. Hence, the global elasto-plastic behaviour of the
cone supports needs to be further characterised.

The difference between the maximum force of the simu-
lated test (17.1 kN) and the experimental one (18.7 kN) were
about 8.5%. Hence, the behaviour of the modelled supports
taken together as a group is considered similar to the experi-
mental. In the next section, the individual supports mechani-
cal response is considered under tensile loading.

4.2.3 Single beam mechanical testing

In the previous section, several supports were considered as
a whole (numerous identical supports of the same height and
diameter, all connected to the same part surface). Seventy-
nine supports together were tested using a specific experi-
mental set up. In this section, the behaviour of an individual
cone supports will be looked upon.

It is assumed that the mechanical characteristics of the
manufactured cone supports may differ greatly from the bulk
part’s because of their specific thermal history. In particular,
cone supports are surrounded by thermally insulating pow-
der particles, causing the heat to be mostly diffused in the
vertical direction. The thermal history difference between
the cone supports and the part could lead to specific micro-
structures or even defects (i.e. porosity). Hence, the litera-
ture mechanical characteristics listed in Table 4 may not be

suited to the supports. In order to perform tensile tests on
individual supports, i.e. a bar with a small diameter, another
specific set up was designed, as can be seen in Fig. 12.

The tensile tests were performed on an Instron Elec-
tropulse 3kN apparatus, and the distortion was measured
using mechanical extensometry with an 2620-604 Instron
extensometer. A specific set up was manufactured in three
parts and assembled as shown in Fig. 12. The support has
a uniform diameter of 0.95 mm (supports with diameters
below this limit show manufacturing issues when built with
great heights). It has a total height of 33 mm and an operat-
ing length (outside the clamping) of 23 mm. A 5 mm lid
was designed at the support edges for the assembly within
the clamping. The resulting tensile test curves for nine
individual supports are displayed in Fig. 13. It can be seen
from the stress-strain curves that the results are homogene-
ous between the cone supports. Regarding the mechanical
properties, the mean Young modulus was about 106 GPa
(instead of 180 GPa from literature values, see Table 4).
The yield strength was about 400 MPa (instead of 496 MPa)
and the tensile strength is estimated at 520 MPa (instead
of 614 MPa). Thus, it can be concluded that the material
properties assigned to the part differ significantly from indi-
vidual cone supports’. It is worth mentioning that only one
support broke below a strain of 30%, and the other ones
broke at a strain above 35% (the maximum measured frac-
ture strain being 48%). Single beam tensile results were used
in the numerical design of experiment to test the supports
mechanical sensibility (Case 3 in Table 5). The fracture
strain assigned within the simulations was set to 34%.
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Fig. 12 Individual support set up (left) and inside the tensile test
apparatus with the extensometer (right)
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Fig. 13 Individual beam support tensile test stress-strain results

Hence, in the following section, specific support mechan-
ical properties will be assigned within the hydraulic joint
model and several scenarios compared. The objective of
these two sections is to compare the number of broken
supports by the end of the simulation and identify the key
parameters. A complementary objective would be to fully
characterise the mechanical behaviour of the support teeth.
At the moment, these ranges of diameters (below 0.9 mm)
are difficult to manufacture by SLM on a sufficient height.
These experimental teeth characterisation will be the topic
of a future study.

4.2.4 Beam supports mechanical sensibility

In the previous section, individual support tensile tests
have been performed, showing that the bulk part mechani-
cal properties differ significantly from the supports’. In the
current section, two separate study cases are performed to
understand the key parameters to be assigned to the mod-
elled supports. The first case is the reference, for which the
simulation results have already been analysed (Section 4.2).
For this first study case, the bulk material characteristics
found in the literature have been assigned to the supports.
The second case “Case 2" has a higher fracture strain param-
eter than the reference case: the fracture strain is set at 45%
instead of 34%. All the other parameters are equal to those of
the reference case. The third case “Case 3" has equal fracture
strain to the reference case (34%), but its elasto-plastic prop-
erties are lowered: Young Modulus is set at 106 GPa, the

Table 5 Mechanical properties and the number of broken supports for
the different cone support sensibility cases

Characteristics Ref. Case 2 Case 3
Young Modulus E (GPa) 180 180 106
Yield strength R, (MPa) 496 496 400
Tensile strength R, (MPa) 614 614 520
Fracture strain A% (%) 34 45 34
Broken supports / Exp 126/12 105/12 125/12

yield and tensile strengths are set at 400 MPa and 520 MPa
respectively. The changes are driven by the experimental
results of the individual cone supports (Fig. 13). Table 5 lists
the different study cases parameters.

While using weakened mechanical properties for the sup-
ports (Case 3), and keeping the same fracture strain (34%),
the number of broken supports remained the same (125
instead of 126 in Reference case, Section 4.2). On the con-
trary, while keeping the same elasto-plastic properties as the
part’s, and providing a greater fracture strain (45% instead
of 34%, Case 2), the number of broken supports diminishes
to 105. Hence, the fracture strain could be considered as one
of the key parameters to precisely characterise in order to
simulate the supports breakage.

Considering the three material characteristics cases
(see Table 5) and the number of broken supports, it can be
concluded that assigning greater fracture strain parameter
improves fairly the simulation results.

5 Conclusions and perspectives

The Selective Laser Melting process is one of the most stud-
ied additive manufacturing processes both in the industry
and academic research fields. A significant challenge of this
process is anticipating the various flaws while manufactur-
ing the parts, including the distortions and fractures. While
using numerous supports for anchoring the part, some may
be damaged and even detached without invalidating the part.
Simulating the supports’ damage and being able to track the
ongoing deflection was the scope of this paper.

An industrial part was chosen as a study case. Its manu-
facturing completed, but some supports have broken, making
the part warp and slightly collide with the layering system.
Four commercial software were firstly used to simulate the
manufacturing process, and all the results show a significant
distortion of the part. However, none of these codes was able
to predict supports breakage. The Abaqus developed models
in this article are intended to model the overall distortion,
damage and cracking of cone supports.

All the developed models considered were strictly quasi-
static mechanical. And, for sake of simplicity, loads were
assigned as user-defined temperature increments along the
activated macro layers. However, full thermal modelling
could be considered. Two types of models were developed
to mesh the supports: 3D voxel elements and 1D-beam ele-
ments. Only the 1D-beam elements could easily incorpo-
rate the shrinkage in the teeth section. To approximate the
shrinkage in the voxels model, a local change in the material
properties would have been necessary. However, identifying
the location of the specific shrinkage material properties in
the voxels model could be delicate to perform using a global
STL file containing both the supports and the part.



While using 1D-beam elements to mesh the cone sup-
ports, a whole supported region was detached. However,
no fracture was observed in the voxel elements model. The
difference between voxel and 1D-beam elements could be
explained by the absence of geometrical narrowing corre-
sponding to the teeth while using voxel elements.

Experimental tensile tests using specific set-ups have
been performed to compare a group of supports as a whole,
which guarantee a realistic thermal history. An other set-
up has been done for a unique cone support also, thus less
thermally realistic but allowing a finer analysis. Regarding
the group of supports, it was observed that the difference
in the maximum force applied was below 10%. However,
the plastic behaviour did not follow the experiment and it
seems necessary to characterise it more accurately in the
future. Then, the individual cone support behaviour was
characterised since it is assumed that the specific thermal
history of the supports influence the microstructure and
consequently, the mechanical behaviour. The fracture strain
may be slightly greater, but the Young modulus and the
strengths are weaker. It has been shown that the supports
mechanical properties differ significantly from the bulk
parts.

Regarding the hydraulic joint 1D-beam elements simula-
tion, too many supports have been detached from the part
during the simulation (126 instead of 12, experimentally).
Various modelling simplifications (such as the user-defined
thermal variations, from the melting temperature to the
room-ambient temperature) may explain this discrepancy.
However, a potential improvement solution resides in pre-
cisely characterising the fracture strain parameter. Indeed,
using a value of 45% (instead of 34%) led to a decrease
of the number of detached supports down to 21. Also, the
mechanical characterisation of teeth could reveal very
instructive since the teeth constitute the fracture site in every
case (experimental and simulated). For now, it is technically
challenging to manufacture SLM isolated supports with the
teeth diameter. Hence, this work will be the focus of a com-
plementary study.

It was noticed that with an increasing number of cone
supports, it could reveal more and more challenging to
find suitable damage evolution parameters and bound-
ary conditions allowing the simulations to complete. It is
expected that running a simulation comprising several parts,
each of these having hundreds of cone supports (as in our
study case), would make a global convergence inaccessi-
ble because of the numerous supports cracking. A possible
solution to tackle these convergence issues would be to use
equivalent homogeneous materials to approximate the sup-
port structures. The elasto-plastic and damage behaviour of
these equivalent materials would have to be finely tuned to
follow the sensitive support behaviour.
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