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Mechanical strength of 3D-printed components dramatically depends on printing process parameters. These can
be usually set over a relatively wide range, in combinations that determine the microstructure morphology and
the resulting mechanical behaviour. The present investigation focuses on the relationship between revealed
structure and resulting mechanical properties of FDM-printed ABS specimens. The peculiar structures, examined
at the meso- and microscale, are modelled by a finite-element Representative Volume Element (RVE) approach,

in conjunction with cohesive elements to reproduce the sealing efficiency between fused filaments. The simu-
lation of the tensile response up to failure falls within the 95% of confidence with experiments. Also, homoge-
nized response of RVE determines spatial material constants useful for the effective numerical simulations of
functional components, and intra- and inter-layer damage mechanisms are distinguished providing hints for the

structural optimization.

1. Introduction

Many engineering applications have greatly benefited from the
impressive advances made by Additive Manufacturing (AM) in recent
years, as it paved the way to new productive capabilities in terms of
design, materials, and structures. Among AM technologies, Fused
Deposition Modelling (FDM), also known as Fused Filament Fabrication
(FFF), is the most widely spread technology thanks to its low cost, good
speed, and no need of a conditioned environment. This technique has
been confined for years mostly to the rapid prototyping process, while
only recently it has been employed to obtain structural and functional
components, with good mechanical properties that could face the
traditional manufacturing subtractive processes.

The performance of FDM-printed parts is severely influenced by the
set of parameters chosen during the printing process. This aspect has
been massively studied, mainly regarding the anisotropy of the final
obtained component [1-2], the single effect of the main controllable
parameters (raster angle, deposition pattern, layer height, printing
speed) [3-5] or the search for optimal combination of parameters also
considering the mutual interactions between factors [6].

Together with the use of FDM process for engineering components, it
becomes necessary to investigate the behaviour of these parts both in
safe and damage regimes. Some studies are available on the
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understanding of the failure of printed specimens by observing the
fracture surface [7-8]; Corvi et al [9] proposed a directional damage
model for components printed through filament deposition technique;
Moetazedian et al [10] investigated the damage evolution of printed
PLA from the loss of performance under cyclic loading; Aliheidari et al
[11] experimentally correlated the fracture energy to the printing pa-
rameters testing double-cantilever-beam specimens.

All these works highlight that FDM-printed parts present non-
homogeneous mechanical resistance: the bond formation process be-
tween deposited filaments is the key phenomenon to understand.
Garzon-Hernandez et al [12] proposed a methodology to design com-
ponents with custom properties starting from the effect of
manufacturing settings on the sintering process ruling the bonding at the
interface, and Corvi et al [13] validated a thermo-mechanical model
confirming that interfaces between filaments are the weakest regions in
terms of internal stresses.

In this framework, the approach of using a Reference Volume
Element (RVE) seems to be a valid alternative as it confines the analysis
to a unit cell only, that is, in case of repetitive structures and especially
when using numerical analysis, representative of the whole material
behaviour at the mesoscale [14-15]. Due to the peculiar symmetry and
repetition of porosities between adjacent filaments, this method has
been already used with accurate results in determining the elastic
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constants of FDM-printed components, e.g. in [16-17].

Given the above, in this work the influence of the main controllable
process parameters on the mechanical response of a wide series of ten-
sile specimens printed via FDM technology is investigated. To this aim,
microscope observations are considered as the starting point to under-
stand how the morphology of different specimens is affected by the set of
parameters defined during the printing process. In parallel, a multi-level
finite-elements model series is developed adopting the RVE approach: a
unit cell is identified from microscope images as the smallest repeatable
entity, and periodic boundaries conditions are applied at its borders. In
addition, cohesive finite elements are introduced to describe the me-
chanical behaviour of junctions between deposited filaments. This is an
absolute novelty for FDM parts. Cohesive elements are a powerful tool to
model interfaces, employed mainly for analysis on composites, joints
and adhesives [18-19]. In this work this technique allows to define an
interface between filaments with tuneable strength properties, which
can reproduce subsequent fractures during loading, and fully explains
the damage mechanism of layered FDM structures.

Tensile load is applied, and the deforming mechanism is studied, up
to the failure strain. Indeed, the damage of the component is a primary
aspect that cannot be neglected, being responsible not only for the
failure of the specimen but also for its progressive degradation which
depends on the stress state the part is subjected to. Damage mechanisms
are accurately analysed and modelled at different length scales:
compared with experimental tests, simulations reveal a very good pre-
dictive capacity, allowing to state that this methodology is desirable to
get more reliable and precise numerical models for additively manu-
factured components.

2. Materials & methods
2.1. Specimens and experimental campaign

For the purpose of the study, 35 tensile specimens with 1BA geom-
etry according to the standard EN ISO 527-2 (5x2 mm of cross-section)
are 3D-printed on a BQ Hephestos-2 printer, using the Acrylonitrile-
Butadiene-Styrene (ABS) commercial filament by FormFutura®. The
filament has been firstly mechanically tested to accurately compute its
elastic modulus and failure strain.

The combinations of explored printing parameters are summarized
in Table 1, and a qualitative scheme of resulting layered structures is
shown in Fig. 1. Essentially, the parameters examined are the layer

Table 1

Considered sets of process parameters.
Scenario N  Layer height Printing temperature Raster

[mm] [°C] orientation

1 5 04 250 0°
2 5 04 250 —45°/+-45°
3 5 02 250 0°
4 5 0.4 230 0°
5 5 04 270 0°
6 5 04 230 —45°/+45°
7 5 0.4 270 —45°/+45°
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height and the raster orientation angle, in combination with three
extrusion temperatures: each parameter is explored in the average and
limit values of its range. N specimens are fabricated and tested for each
scenario, allowing to statistically evaluate the dispersion of the re-
sponses within each family.

Specimens are printed without walls (circumferential layers) not to
affect the influence of the raster angle on their tensile response.

All the samples are mechanically tested in displacement control at
constant rate of 3 mm/min on the uniaxial tensile Test® GMBH Uni-
versal Testing Machine - Model 112 equipped with a 2kN cell load, and
data are elaborated in terms of nominal stress-strain curves, not
showing the specimens any significant necking during the traction.

Specimens are cut with a razor blade mounted on a stiff support and
their cross-sections observed at the microscope, capturing the layered
structure morphology that generates a set of 3D CAD models. Being the
microstructure almost independent from the observation area, it is
possible to consider the whole part as the periodic face-to-face tessel-
lation of a unit cell in 3D space, hence allowing the RVE approach to
represent the whole material system, with the advantages shown below.

2.2. RVE definition and homogenization technique

Fig. 2 shows the RVE definition based on the superposition of a
sample cell to a micrograph of the cross-sectional morphology.

The nearly perfect symmetry promotes the geometrical repetition of
the unit cell. The layer height is the parameter that affects the RVE ge-
ometry the most. Two different values are here considered, 0.4 mm and
0.2 mm, while the deposition width is kept constant to 0.4 mm.
Regarding the —45/+45° raster angle condition, the repeating unit
evidenced in the cross-section observation is double size the unit found
for 0° raster angle condition: the porosities between adjacent filaments
are indeed oriented as the rasters themselves, meaning the porosities of
two consecutive layers are extending normally to each other, see Fig. 2c.
However, being the loading direction at 45° with reference to the faces
of the identified unit cell, it is possible to model only a half of that, as the
mechanical behavior is symmetrical between top and bottom parts.

Again, microscope observations on scenarios characterized by
different values of extrusion temperature highlight that this last has a
significant effect on the quality of the bonding between adjacent fila-
ments. Fig. 3 investigates this phenomenon: higher extrusion tempera-
ture leads to a better bonding between filaments as the material viscosity
is lower when deposited; on the other hand, opposite effect is noticed for
values at the bottom of the temperature range, as already evidenced in
[20].

The RVE method requires a proper setting of Periodic Boundary
Conditions (PBCs), representative of the spatial tessellation of the unit
cell. PBCs stipulate that opposite pairs of surfaces on the boundary of the
RVE must deform identically under a given loading history, as expressed
in Eq. (1):

Cﬁ“_y) = g“ﬁf:y) on boundary € (€8]

being ¢ the considered model parameter (displacement in this work), N,
and Nj the sets of nodes kinematically linked on opposite edges of the

Fig. 1. A) 1st scenario; b) 2nd scenario; ¢) 3rd scenario.
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Fig. 2. RVE geometry from cross-sectional morphology: a) 0.4 mm layer height and 0° raster angle; b) 0.2 mm layer height and 0° raster angle; ¢) 0.4 mm layer

height and —45/+45° raster angle.

T=270°C

T=230°C

Fig. 3. Evidence of temperature effect on the bonding between adjacent filaments.

RVE, and k the top/bottom/left/right boundary of the unit cell. In the
Finite-Elements (FE) code, this constraint is expressed through a set of
canonical equations linking together all the degrees of freedom of nodes
belonging to the boundary edge or surface, see Eq. (2):

AU+ A0+ ... +A UL =0 )]

with 1, ..., N scalar coefficients and 1, ..., k the DOFs of P, ..., R nodes.
Master nodes are defined, where loads are applied, in traction or shear.

Once the RVE is defined, the classical material homogenization at a
larger scale, namely the mesoscale, is followed. In this case, the ABS
behaviour at the microscale is imposed and the RVE response, through
loading-displacement curves and elastic constants, is obtained from the
mesoscale behaviour aimed at the description of the macroscale
behaviour. Indeed, the technique allows to define a homogeneous ma-
terial with the same mechanical behaviour of the modelled reference
volume, with no inhomogeneities, geometrical or constitutive. To do so,

six independent strain fields are separately applied to the RVE, three in
tension and three in shear mode, and the corresponding directional
stress components developed in the RVE are extracted. Obtained
numbers are the so-called “Engineering Constants” E;, Es, Es,
Gi2, G13,Go3 and vqa, 113,23 Poisson’s ratios, obtained from the
compliance matrix C~! expressed in Eq. (3):

5’11 r 7 6'11
En 1/E,  —vn/Ex —vyi/E; 0 0 0 o
B —vi/E\  1/E, —un/E;s 0 0 0 -

&3 | | —vi3/E —Un/E; 1/Es 0 0 0 033
712 0 0 0 1/G, 0 0 51
B 0 0 0 0 1/Gis 0 B
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The compliance matrix is the inverse of the stiffness matrix C: co-
efficients of C are obtained performing the ratio of the volume average of
corresponding stress component in RVE over the corresponding
elementary strain applied in RVE, as resumed in Eq. (4):

_ 5y 1
C; = where 6, = / o;dV (@)
Y Eij Y Vrve Jv Y

Operatively, in this work the plugin Micromechanics Plugin is used
in the Dassault-Systemes ABAQUS© environment, due to its good flexi-
bility in meshing, loading and periodic BCs [21].

2.3. Numerical modelling strategy

Two CAD models, previously shown in Fig. 2¢, are imported into the
numerical environment to perform FE simulations. RVE geometry is a
cube with edges of 0.4 mm, except for scenario 2 in which width and
height are 0.2 mm. The porosity extends for about the 7 % of the volume:
geometrically, its height is about half of its length, with this last being
about the 65 % of the RVE length. As for the meshing strategy, 8-node
linear brick elements (C3D8) are chosen for the ABS material, justified
by the unit-cell cubic geometry and by the lack of significant flexural
fields, and 8-node three-dimensional cohesive elements (COH3D8) are
adopted to mesh interface regions. The thickness of the cohesive zone is
10 pm and it is meshed with sweep technique and direction normal to
the interface surface. The choice of not opting for a zero-thickness
cohesive layer, very often used for this kind of fracture simulations, is
simply due to the need of having non-coincident nodes when applying
PBCs. The resulting mesh is presented in Fig. 4 for clarification.

ABS is numerically modelled through the Ramberg-Osgood consti-
tutive law available in ABAQUS®© environment in the form of Eq. (5), to
appreciate a gradual transition between the elastic and the plastic
behaviour, according to what is noticed from experimental tests:

n—1
1+a(';’ ) } ®)
0

Ee=o0

Parameters E, a, op and n are determined fitting at best the tensile
curve of ABS filament. The damage is modelled via the ABAQUS©
isotropic Ductile Damage Model [22], setting a damage strain value that
could fit the experimental tests. A damage evolution law is also deter-
mined to describe the evolutive part, choosing a quadratic form in
accordance with the behaviour experimentally noticed. The computed
damage variable d affects the elastic modulus Eq4 as stated in the con-
tinuum damage mechanics theory framework, where E is the modulus of
the undamaged material:

E;=E(l—d) Q)

The use of a RVE is justified, as FDM-ed components show strongly
directional properties due to the dependence from the path of deposition
of filaments. Experimental observations show that the most critical
section results at the interface of adjacent filaments, i.e. where the two
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Fig. 5. Definition of the cohesive properties: a) Cohesive regions in RVE; b)
Load-displacement response of cohesive elements; ¢) CT specimens for fracture
toughness test.

filaments melt together, see Fig. 3. This region is typically weaker than
the bulk material. Thus, interface zones, that are 4 in number for each
RVE, Fig. 5a, are defined differently from the rest of the model,
considering the mesoscale response which is responsible for the sepa-
ration (debonding) of adjacent filaments.

Debonding and separating property is modelled by cohesive sections
properly introduced in the numerical model. The elastic behaviour of
the cohesive zone is expressed by Eq. (7), [23]:

tn Kw 0 0 On
ts|=1 0 Kg O Ss 7
tr 0 0 Kir or

with ty, ts, tr being respectively the normal stress, shear stress and tear
stress, and 8y, Js, St the separation, shear, and tear displacement. Here,
K represents the initial stiffness of the interface: as in traditional
modelling of adhesive joints, the value of stiffness is significantly high as
it is defined as the ratio of the elastic modulus over the adhesive
thickness, that is nearly zero in this case; a value of 10° MPa is frequently
employed when modelling composites [23], and the same holds for this
work.

The damage initiation displacement 5° and the final separation

displacement &, which corresponds to the complete debonding, are
consequently defined as follows:

77
Vo
Y,
Y oraeez:

(b)

Fig. 4. Mesh strategy for the RVE: a) RVE for Scenario 1; b) RVE for Scenario 3.
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where Gic, G, Gic are the critical fracture energies for Mode I, Mode II
and Mode III, respectively, and they are responsible of the slope of the
softening region in Fig. 5b.

Damage initiation threshold is defined via the maximum nominal
stress criterion [24]:

ax{@. LS.LT} — ao

tNO ’ tSl]" tTO
Once the condition for damage initiation is reached, the cohesive
damage variable D, is computed according to Eq. (11), where &, =

V652 + 85> + 672 is the effective relative displacement in case of mixed-
mode scenarios:

Table 2
Material parameters in the numerical model.
ABS filament

Elastic modulus E [MPa] 1310
Poisson coefficient v [-] 0.3
Plastic offset a [-] 0.007
Yield stress 6o [MPa] 22
Strain-hardening exponent n [-] 13

Material ductile damage model

Fracture strain [%] 0.6 at stress triaxiality 0.33
Displacement at failure [mm] 0.0002
Exponential law parameter [-] 2

Cohesive section

Elastic stiffness [MPa/mm] 10°
Fracture energy [kJ/m?1G¢c = T
Kic?(1—12)E! [°c

230 1.65
250 1.82
270 2.00

Damage initiation stress [MPa] T ModelI  Modell  Mode
[°cl m
230 14 32 32
250 20 40 40
270 27 56 56

Engineering Stress [MPa]
- - n W] W W
o o o (S} o o

o
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The damage variable D, affects the properties of the cohesive region,
operating on t which represents the stress components predicted by the
elastic traction-separation behavior for the current strains without
damage. Indeed:

(I1=D)ty tv=>0
tv={_ _
Iy ty <0 a12)
ts = (l — D[)tj
tr = (1 — Dr)lT

In this way, the RVE damage is due to two contributions: the
isotropic damage of filaments, and the interface decohesion between
filaments; these mechanisms are acting at the microscale, and as in
typical unit cell approaches, the response is evaluated at the mesoscale.
Table 2 summarizes the set of parameters adopted for the development
of the numerical model.

As said, the tensile properties of ABS are determined by a tensile test
of a single filament with nominal diameter of 1.75 mm and strain rate of
1.66e-3 571, see Fig. 6. Although the heat during the extrusion may
change the crystallinity of the polymer, this test aims at the definition of
the properties of the “bulk” filament, as the printing parameters are
already considered in the model. By varying the R.-O. parameters
appearing in Eq. (5), the curve is fitted at best. The ductile damage
model parameters are chosen from the same test, while the fracture
energy G¢ found in [4] for CT specimens (Fig. 5¢) is adopted as refer-
ence, since material, deposition path and filament diameter are the same
of the present investigation; only, to cover the full nozzle temperature
range here considered, i.e. 230-270 °C, a variation of + 10 % of G¢
every + 20 °C is set in accordance to what found in [11]. The fracture
properties of the structure are defined equal to those of the cohesive
elements adopting the “weakest-link approach”, according to [4] where
the direction of crack propagation is evidenced being along the interface
between filaments.

Finally, the damage initiation stresses for Mode I condition are
determined from the tensile curves at raster angle + 45°, considering the
influence of temperature: details are indicated in the next section 3.3.
Values for Mode II/III conditions are calibrated from Mode I values
according to [25-26], assuming the damage initiation stress to be pro-
portional to the fracture load.

The last remark regards the load application to the RVEs. While the
application of a traction is straightforward when filaments and loading
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Fig. 6. Tensile test on a single ABS filament.
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Fig. 8. Scenario 1: a) tensile response; b) RVE stress field at points 1, 2 and 3; ¢) damage evolution at the microscale.
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direction are parallel, in the 45° configuration the load is applied
considering an equivalent stress state: in detail, considering an infini-
tesimal element ®, when the raster angle is zero the uniaxial load acts
along the X-direction, situation 1 in the scheme of Fig. 7.

On the contrary, for raster angles different than zero, as the RVE is
defined with 90° faces, it must be rotated by the same angle. Thus, in
accordance with a Mohr’s circle, a biaxial stress state along X and Y axes
should be defined as producing the equivalent uniaxial tension along X.
The equivalence is obtained by applying both normal and shear stress, as
Fig. 7 graphically explains.

3. Results and discussion
3.1. Influence of the raster angle

The raster angle is the design parameter that mostly influences the
mechanical properties (main effect). In Figs. 8 and 9 the averaged
response and the standard deviation (STD) band for the 5 samples
belonging to “scenario 1 — raster angle 0°” and “scenario 2 — raster angle
+ 45°” is plotted. Engineering nominal quantities are considered. As for
the bulk ABS, the response is linear elastic for most of the strain range,

Theoretical and Applied Fracture Mechanics 128 (2023) 104140

slightly deflects for a relatively short plastic regime, and abruptly falls
when damage starts to occur till the rupture strain that is about 3.5 %
and 2 % for the two sets, respectively. For comparison, the plots include
the simulated curve by the RVE models, which shows the contours of
stress and of the damage variable.

As said, the raster angle affects the damage mechanism that leads to
failure. When the raster angle is 0°, i.e. all the filaments are oriented in
the same direction of the load, the load-bearing capacity is relatively
good, with an ultimate stress of about 28 MPa.

Accordingly, Fig. 8c shows how the damage initiates and evolves in
correspondence of increasing levels of strain following the intrinsic
microscale ductile damage imposed for the ABS polymer described by
Eq. (6). For such a simple load, no interaction effects between filaments
are evidenced by the FE model; in other words, the cohesive elements do
not work as they are not subjected neither to traction-separation neither
to shear loads. This means that the average value of 3.5 % for failure
strain reflects the constitutive law of the filament material itself,
whereas the porosity affects the elastic properties only.

A different interpretation could be given to the scenario 2 behaviour,
in which the raster angle is 4+ 45° with respect to the loading direction.
Compared to the zero angle, specimens undergo a premature failure of

20 T T T T T
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—— FE simulation
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Fig. 9. Scenario 2: a) tensile response; b) RVE stress field at points 1, ..., 6; c¢) detail of separation between adjacent filaments (magnitude 5x); d) damage evolution of

the inter-filaments melted interface.
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Fig. 10. Scenario 3: match between tests and numerical prediction.

about 50 % the failure strain, see Fig. 9.

For comparison, the same Fig. 9a illustrates with the blue dotted line
the response of the RVE if no cohesive elements are modelled and
activated. Here the damage mechanism does not reflect the experiments
anymore, because the tensile curve drops in subsequent steps, at strain
about 1.2 % and 3.2 %, corresponding to the damage of single layers one
by one. In particular, the intersections between adjacent filaments, that
in this model are continuous, geometrically induce local stress concen-
trations causing rapid stiffness degradation and load redistribution
which results in a not realistic modelling approach.

Going back to the cohesive elements RVE, debonding of cohesive
areas takes place between adjacent filaments formerly at the end of the
elastic regime, see point 3 in Fig. 9b and 9c, hence in competition with
the instauration of the ABS plastic regime. Since the RVE stress state
becomes biaxial here, as previously explicated in Fig. 7, cohesive layers
work in separation Mode I and shear Mode II becoming the “weakest
link” firstly to undergo damage and subsequent failure. Fig. 9d illus-
trates the cohesive damage evolution responsible of the progressive loss
in the RVE load carrying capacity, evidencing the time instants the
cohesive elements start to work and then completely fail.

3.2. Modelling of the layer height

Here, the experimental response of specimens printed with the pa-
rameters set of Scenario 3 is compared with the FE simulation output.
The match in Fig. 10 is accurate, validating the numerical model as a
reliable tool to understand the influence of the layer height. Failure
strain raises back to about 3 %, in accordance with the response of
Scenario 1, see previous Fig. 8a, because again the damage first occurs
within the filaments, and not in the weakest sealing zones between fil-
aments. Here the filaments work essentially under uniaxial tension that
acts along the same direction of deposition. This allows to state that, as
one might expect, the predominant damage mechanism, or the ductility
of the structure, depends on the mutual direction between load and
filament deposition, i.e. on the raster angle of filament layers.

3.3. Influence of nozzle temperature

As previously evidenced, the temperature of the extruding nozzle
significantly influences the quality of the bonding between adjacent
filaments, which is consequently responsible for the strength at the
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Fig. 11. Influence of extrusion temperature on the tensile response: a) Raster angle sensitivity; b) Trend for UTS.

interface between filaments. Looking at the tensile tests of scenarios 1-4-
5 and 2-6-7, it is clear that the first family, at 0° raster angle, is not
affected by the temperature value. Contrarily, the response of the second
family is severely dependent from the printing temperature. Fig. 11a is
aimed at evidencing this finding, being the curves at different temper-
ature and raster angle 0° overlapping and the others well distinguish-
able. This fact is even clarified in Fig. 11b, which shows the ultimate
tensile strength (UTS) as a function of temperature for the two families
of scenarios.

These results validate what this work tries to hypothesize: specimens
printed with a non-null raster angle undergo an internal stress state that
is multiaxial with reference to the filament deposition orientation;
consequently, the bonded interface between filaments becomes sub-
jected to a separation load that eventually detaches the filaments and
initiates micro-cracks leading to a “premature” failure.

Looking at the black curves in Fig. 11a, green markers are added in
correspondence of the mesoscopic damage initiation. From these points,
a set of damage initiation thresholds ty°, ts°, t;° are determined for the
cohesive elements, expressed as function of temperature. Resulting data
are also anticipated in Table 2. This results with good approximation a
linear form of T:
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Fig. 12. Simulation of the extrusion temperature effect on scenarios 2,6,7.

15(T)[MPa) = 0,325T[ " C] — 60,92 Mode I

. 13
13,(T)[MPa) = 0,350T[ C] — 48,17 Model I and III (13)

The match between simulations and experiments is now appreciable,
validating the model not only as accurate in reproducing the material
behaviour, but also making it a tool for predicting and optimizing the
printing path once the principal stresses are known. This main result is
shown in Fig. 12, where the response of the RVE is plotted against the
printing temperature variation with previously determined parameters.

Looking at the green curves in Fig. 12 (270 °C), numerical outputs
underestimate the maximum nominal stress reached during the tensile
test, despite the elastic region being well reproduced. This discrepancy
could be due to the fact that for such high temperature the extruded
filament has a very low viscosity: morphology for Scenario 7 is the limit
of representativity of the RVE approach as the material is all fused and so
a combination of different failure mechanisms takes place.

However, the limitation for the proposed approach concerns only
values above the suggested temperature range for FDM printing of
commercial filaments, near the material limit for printability, allowing
to state that the predictive potentiality of the modelling approach is
promising.

3.4. Homogenization of the RVE elastic properties

As final result, the elastic properties of the RVE are obtained by
homogenizing with the technique described below. Elastic constants can
be assigned to a printed component as descriptive of the behaviour at the
macroscale, once the local direction of printing is known, for example by
adopting an anisotropic material model. When the six independent
strains shown in Fig. 13 are applied to the RVE, the compliance matrix of
Eq. (14) is obtained.

1221.2  320.98 462.65 0 0 0
863.57 355.37 0 0 0
= 1461.9 0 0 0
c= 338.70 0 0 a4
symm 422.38 0
462.65

what shown is the case of the FDM-printed ABS with 0.4 mm layer
height. From that, the engineering constants of an equivalent homoge-
nized material summarized in Table 3 can be drawn.
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Table 3
RVE engineering constants.
Ey [MPa]  Ey [MPa]  Ess [MPd] Gia [MPd] Gi3 [MPd] Gas [MPd
1014.5 736.5 1216.4 336.6 421.8 342.3

4. Conclusions

In this work, the effect of the main tuneable parameters, i.e. layer
height, nozzle temperature and raster angle, on the tensile response of
FDM-printed specimens is explored and modelled. Starting from mi-
croscope observations of the cross-sectional morphology, an RVE is
defined, which considers the geometrical features together with a novel
definition of damage initiation and evolution. More in details, plasticity
is due to the filament material at the microscale, but at the mesoscale the
damage onset and evolution are governed by the printing path. What
triggers these two mechanisms is the stress state and the mutual orien-
tation between principal stress and filament deposition direction. The
RVE correctly predicts that ductility and strength are directly related to
these mechanisms.

Other peculiar findings of this work can be summarized as follows:

e the multi-scale combined RVE-cohesive elements approach is accu-
rate in reproducing the response of components produced via FDM
technique;

the raster angle is the predominant parameter in determining the
failure, while the nozzle temperature is only responsible of an
eventual premature failure; the layer height does not remarkably
affect the damage mechanism nor its amount;

homogenization reveals to be a useful technique to obtain all the
components of the material stiffness matrix, allowing to accurately
model macroscopic 3D-printed parts by assigning homogenized
properties.
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