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a b s t r a c t

We studied the influence of extruded filament dimensions and chemical composition on mechanical
behavior of Fused Deposition Modeling (FDM) objects made of Acrylonitrile Butadiene Styrene (ABS)
polymer. All aspects are investigated through experimental campaigns: we tested three different fila-
ment dimensions on the same material and two different chemical compositions with the same filament
dimensions.

We verified that FDM ABS specimens show anisotropic mechanical properties since they vary with
filament extrusion direction. Accordingly, Classical Lamination Theory (CLT) and Tsai-Hill yielding cri-
terion were found to be well capable of predicting in-plane stiffness and strength of FDM specimens. We
assessed that, varying chemical composition and filament dimensions, it is possible to tune fiber prop-
erties and fiber-to-fiber bonding and, consequently, the overall mechanical properties at macro-scale, in
particular the yielding strength and the strain at failure. The experimentally obtained data are useful to
calibrate mechanical models to be used with computational tools as finite element analyses.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Additive Manufacturing (AM) processes form three-
dimensional (3D) objects from virtual models, obtained from a
Computer Aided Design (CAD) software, digital scanning systems
or medical imaging systems, such as computer tomography or
magnetic resonance imaging. In recent years, AM processes have
begun to progress from rapid prototyping techniques towards rapid
manufacturing methods, where the objective is now to produce
finished components [5]. AM technologies are ready to be used for
industrial production and, due to a growing competition between
service furnishers, they are becoming economically feasible for a
great number of end-user applications [15]. In the last decade the
maturity of these processes was largely increased thanks to the
research onmaterials, the development of new equipments and the
better understanding of the processes [27].
he 2016 International Work-
s (MIMS16), Cetara (Salerno),

pavia.it (G. Alaimo), stefania.
ostato02@universitadipavia.it
From an industrial point of view, technologies capable of pro-
ducing robust parts with high strength and long-term stability are
the most relevant, because they allow the direct production of end-
user parts. The use of AM solutions for direct production would be
possible only if mechanical properties are well known and taken
into account in the design stage, depending on the process pa-
rameters. However, one of the most important open issues in rapid
manufacturing is the prediction of 3D-printed parts behavior under
real working conditions.

In this study we focus on mechanical properties of Fused
Deposition Modeling (FDM®) 3D-printed objects. Such process
belongs to the material extrusion subfamilies of Solid Freeform
Fabrication (SFF) technologies. In FDM processes a thermoplastic
filament is heated and extruded through a robotically controlled
head: thematerial is deployed layer by layer on a printing surface in
a temperature controlled environment. Each printed layer is made
of filaments known as fibers (also called beads or roads) deposited
in a plane parallel to the printing surface. The printing head
movements, the extrusion system and all the other printing pa-
rameters are controlled by an electronic board, relying on a set of
instructions (G-Code) listed in a file. The G-Code is produced by a
dedicated software commonly called slicer or slicing software, that
takes into account the virtual geometry, the characteristics of the
printing material and the specific features of the 3D-printer.
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The FDM 3D-printed object is composed by two main parts, the
internal raster (infill) and its outer shell, made by perimeters and
solid top/bottom layers; the direction of the deposited material is
known as fiber orientation angle. The bonding between neighboring
fibers occurs by a thermally-driven diffusion process during solid-
ification of the semi-molten extruded fiber [6,22].

The inner structure at a sub-millimeter scale, i.e. the meso-
structure, is determined by the filament path deposition and pro-
cess parameters. Among these, the most important are: fiber
thickness and width, fiber-to-fiber overlap, fiber orientation and
extrusion temperature. Fig. 1 shows a schematic representation of
the ideal meso-structure resulting from the FDM process.

Research efforts in FDM technology have been directed towards
the evaluation of the mechanical properties of the resulting part as
a function of process parameters. Ahn et al. [1] showed that both
fiber-to-fiber overlap and fiber orientation had a significant effect
on the resulting tensile strength, while compressive strength was
not affected by these parameters. Sood et al. [24,25] investigated
the functional relationship between fiber dimensions, overlap and
orientation and specimen strength using response surface meth-
odology; results show that such parameters influence fiber bonding
capabilities and distortion of the printed part and, consequently,
the compressive strength of test samples. Moreover, Lee at al.
[17,18] studied the influence of fiber thickness, orientation and
fiber-to-fiber overlap on the strength of FDM 3D-printed Acrylo-
nitrile Butadiene Styrene (ABS) samples; the authors determined
that the compressive strength for an axial FDM specimen is greater
than for a transverse one. Rodríguez et al. [21,22] compared elastic
modulus and tensile strength of FDM printed samples with the
same properties of the ABS filament feedstock; the authors
concluded that parts with fibers alignedwith the axis of the tension
force have the greatest tensile strength. Es-Said et al. [8] investi-
gated the influence of fiber orientation and polymer molecules
alignment along the extrusion direction.

Concerning the mechanical modeling of 3D-printed parts,
Classical Lamination Theory (CLT) and Tsai-Hill yield criterion have
already been considered in few studies. Kulkarni and Dutta [16]
applied CLT to describe the elastic moduli of FDM printed lami-
nates. Bertoldi et al. [7] and Rodríguez et al. [23] assumed ortho-
tropic material symmetry and obtained elastic moduli and strength
values for different fiber orientations. Li et al. [19] studied the
fabrication process and the mechanical properties of FDM speci-
mens, using CLT to determine the elastic constants as a function of
raster angle; experimental data were in good agreement with the
results of the laminate modeling.

Literature evidence proves that CLT and Tsai-Hill yielding
Fig. 1. Scheme of the ideal meso-structure resulting from the filament extrusion
process.
criterion are valuable instruments to describe the mechanical
properties of FDM 3D-printed components. Accordingly, in the
present work, we use both instruments to investigate how the
mechanical properties of ABS 3D-printed FDM parts are influenced
i) by the chemical composition of the filament and ii) by fiber cross-
sectional dimensions, maintaining the thickness/width ratio con-
stant. The influence of filament dimension and chemical compo-
sition on mechanical behavior is studied varying fiber orientation
with respect to the loading direction. All aspects are investigated
through experimental campaigns: meso-structure influence, i.e.
fiber thickness and width is tested on the same material, while
chemical composition impact is tested using the same meso-
structure.

2. Mechanical modeling

2.1. Elastic behavior modeling

In this study, FDM 3D-printed objects are considered as com-
posite laminates consisting of orthotropic laminas; each lamina
corresponds to a layer made of ABS parallel filaments.

We consider two right-handed coordinate systems, namely
fO; x; y; zg and fO0;1;2;3g as in Fig. 2: axis 1 is aligned to the fila-
ment extrusion direction and represents the longitudinal direction
of the lamina, while axis 2 is perpendicular to fiber extrusion di-
rection and represents its transverse direction. Axes x and y
represent the loading directions of the laminate. The angle q,
formed by axis 1 with respect to axis x in a counter-clockwise
rotation, is the fiber orientation angle.

For a linear elastic orthotropic material, the constitutive re-
lations relating stresses and strains are:26666664
s11
s22
s33
t12
t13
t23

37777775 ¼

26666664
Q11 Q12 Q13 0 0 0
Q12 Q22 Q23 0 0 0
Q13 Q23 Q33 0 0 0
0 0 0 Q14 0 0
0 0 0 0 Q15 0
0 0 0 0 0 Q16

37777775

26666664
ε11
ε22
ε33
g12
g13
g23

37777775 (1)

As classically done for the printed fiber [19,23], we may assume
the same mechanical behavior in direction 2 and 3, obtaining an
orthotropic, transversely isotropic (in plane 2e3) material;
accordingly eq. (1) becomes:

26666664
s11
s22
s33
t12
t13
t23

37777775 ¼

26666666666664

Q11 Q12 Q12 0 0 0

Q12 Q22 Q23 0 0 0

Q12 Q23 Q22 0 0 0

0 0 0 Q14 0 0

0 0 0 0 Q14 0

0 0 0 0 0
Q22 � Q23

2

37777777777775
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ε11
ε22
ε33
g12
g13
g23

37777775

(2)

In case of plane stress state (s33 ¼ t13 ¼ t23 ¼ 0), relation (2)
may be reduced as follows:24s11
s22
t12

35 ¼
24 bQ 11

bQ 12 0bQ 12
bQ 22 0

0 0 bQ 33

3524 ε11
ε22
g12

35 (3)

and the quantity ε33 can be computed from the condition s33 ¼ 0.
Relation (3) relates in-plane stresses and strains through thematrix
½bQ � that involves four independent elastic constants, namely bQ 11,bQ 12, bQ 22 and bQ 33. Such constantsmay be expressed as a function of



Fig. 2. Reference coordinate system fO; x; y; zg for the laminate and material coordinate systems fO0 ;1; 2;3g for the laminas.
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longitudinal Young's modulus E1, transverse Young's modulus E2,
Poisson's ratio n12, and shear modulus G12 as shown below:

bQ 11 ¼ E21
E1 � n212E2

(4)

bQ 22 ¼ E1E2
E1 � n212E2

(5)

bQ 12 ¼ n12E1E2
E1 � n212E2

(6)

bQ 33 ¼ G12 (7)

The constitutive relations (3) can be expressed in the reference
coordinate system fO; x; y; zg as:24sxx
syy
txy

35 ¼
24Q11 Q12 Q13
Q12 Q22 Q23
Q13 Q23 Q33

3524 εxx
εyy
gxy

35 (8)

where the matrix ½Q � ish
Q
i
¼ ½T �

h bQ i
½M��1½T��1½M� (9)

In eq. (9) matrix [M] is defined as:

½M� ¼
241 0 0
0 1 0
0 0 1=2

35 (10)

and ½T� is the rotation matrix:

½T � ¼
24 cos2ðqÞ sin2ðqÞ �2cosðqÞsinðqÞ
sin2ðqÞ cos2ðqÞ 2cosðqÞsinðqÞ
cosðqÞsinðqÞ �cosðqÞsinðqÞ cos2ðqÞ � sin2ðqÞ

35 (11)

Stacking N laminas along the z-axis, a laminate is obtained. In
this paper CLT has been used to model the mechanical behavior of
thin 3D-printed structures. CLT assumes that the generic straight
segment perpendicular to the mid-plane of the laminate remains
straight and perpendicular to the mid-plane after its deformation.
From this hypothesis it is possible to obtain the following expres-
sions for in-plane strains:
24 εxx
εyy
gxy

35 ¼

264 ε
0
xx
ε
0
yy

g0xy

375þ z

264 k0x
k0y
k0xy

375 (12)

where z is the distance from the mid-plane in the direction
perpendicular to the mid-plane itself, ε0xx, ε

0
yy and g0xy are the mid-

plane strains and k0x , k0y and k0xy are the mid-plane curvatures.
Laminate normal and shear forces, namely Nx, Ny and Nxy respec-
tively, are related to mid-plane strains and curvatures through the
following expressions:24Nx
Ny
Nxy

35 ¼ ½F�

264 ε
0
xx
ε
0
yy

g0xy

375þ ½G�

264 k0x
k0y
k0xy

375 (13)

while laminate bending and twisting moments, i.e. Mx,My andMxy

respectively, are related to strains and curvatures as shown below:24Mx
My
Mxy

35 ¼ ½G�

264 ε
0
xx
ε
0
yy

g0xy

375þ ½H�

264 k0x
k0y
k0xy

375 (14)

in eqs. (13) and (14) matrices [F], [G] and [H] are calculated as
shown below:

Fij ¼
XN
k¼1

Q
k
ijðzk � zk�1Þ (15)

Gij ¼
1
2

XN
k¼1

Q
k
ij

�
z2k � z2k�1

�
(16)

Hij ¼
1
3

XN
k¼1

Q
k
ij

�
z3k � z3k�1

�
(17)

hence they depend on each k-th lamina stiffness matrix ½Qk� and of
distances from mid-plane to the lamina.

2.2. Yielding modeling

Strength of ABS specimens is modeled using Tsai-Hill failure
criterion for composite materials under multiaxial loading [4]. Tsai-
Hill criterion assumes that the yielding surface is quadratic with
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respect to the stress components expressed in the material refer-
ence system as:

ðBþCÞs211þðAþCÞs222þðAþBÞs233�2Cs11s22�2Bs11s33
�2As22s33þ2Lt223þ2Kt213þ2Nt212¼1

(18)

where A, B, C, L, K, and N coefficients are Hill's strength parameters
that must be intended as yielding values for ductile materials and
ultimate failure values for brittle ones. For an orthotropic, trans-
versely isotropic lamina under plane stress, the Tsai-Hill criterion is
expressed as:

s211
S21

þ s222
S22

� s11s22
S21

þ t212
S212

¼ 1 (19)

where S1 is the strength in the longitudinal direction, S2 is the
strength in the transverse direction and S12 is the in-plane shear
strength. An admissible (elastic) stress state is obtained when the
l.h.s. of the equation (19) assumes a value lower than 1.

In presence of mono-axial tensile stress sxx (syy ¼ txy ¼ 0), the
stress components in the material reference system are given in
terms of the stress in the loading direction of the specimen:

s11 ¼ sxxcos2q (20)

s22 ¼ sxxsin2q (21)

t12 ¼ �sxxcosqsinq (22)

Substituting the above expressions into equation (19) and
resolving for sxx gives the following result:

sxx ¼ SðqÞ ¼
"
cos4q
S21

þ sin4q
S22

� cos2qsin2q
S21

þ cos2qsin2q
S212

#�1
2

(23)

Equation (23), along with admissible yield stresses S1, S2 and S12
can be used to calculate the yielding strength SðqÞ against fiber
orientation q.
3. Materials and methods

3.1. Preliminary material analysis

Two different types of ABS, provided by Versalis S.p.A. [11] and
indicated with letters A and B, are investigated: type A is the base
ABS, while type B is a chemically additivated ABS. The 3D printer
used for the present study is a 3NTR A4v3 [12]. The machine is
equipped with three extruders, which can be heated up to 410 �C,
through a ceramic heating component; a nozzle of 0,4 mm of
diameter is used. The bed temperature can reach 120 �C, while the
heated chamber can reach 75 �C. Preliminary assessment results
relative to main printing parameters are shown in Table 1.

Maximum extrusion flowrate mainly depends on nozzle diam-
eter and on the viscosity of the filament [26] and it is about 6 and
5 mm3/s, respectively. Such values must be taken into account for
Table 1
Main printing parameters identified during preliminary assessment.

Parameters Type A Type B Unit

Extrusion temperature 250e260 250e260 �C
Bed temperature 100 100 �C
Heated chamber temperature 70 70 �C
Maximum flowrate 6 5 mm3/s
the choice of admissible printing speeds that can be used in relation
to other printing parameters, namely fiber thickness and width. As
an example, using a thickness of 0,2 mm and a width of 0,4 mm, a
velocity of 40 mm/s should be set (resulting in a flow-rate of
0,2 mm x 0,4 mm � 40 mm/s ¼ 3,2 mm3/s).

Thermal distortion and compatibility with the selected support
material are tested through the printing of objects with a large base
in contact with the bed. Type A shows an optimal compatibility
with High Impact Polystyrene (HIPS), one of the most common
polymers used to support ABS prints. The distance between the last
layer of support material and the first layer of ABS (commonly
defined as air gap) can be set to 0,1e0,2 mm. HIPS can be detached
from the final object using a mechanical or chemical approach, the
latter thanks to the use of a limonene solution.

Type A stitches well on a HIPS base during the printing and the
support structure is extremely easy to remove after the final object
has cooled down for some minutes. Type B shows a lower
compatibility with HIPS: better results can be retrieved lowering
the air gap, but the printing of large objects remains difficult to be
carried out. The support interface detachment is easily performed.

3.2. Experimental setup

We need four elastic constants to characterize an orthotropic
lamina under plane stress (eq. (2)), while three admissible stresses
are necessary for Tsai-Hill yielding surface (eq. (19)). Such proper-
ties may be evaluated through tensile tests on specimens with fiber
orientation of 0+, 90+ and 45+. Moreover, specimens must be uni-
directional and, consequently, perimeters must be avoided because
their direction would be different from the fiber orientation, for
specimen with qs0+.

Longitudinal specimens (0+) are used to determine longitudinal
modulus of elasticity E1, Poisson's ratio n12 and yield strength S1;
transverse specimens (90+) are used to determine transverse
elastic modulus E2 and yield strength S2.

Specimens with fiber orientation q ¼ 45+ are tested to deter-
mine their elastic modulus E45x that is used to calculate the shear
modulus G12, as already done by Li et al. [19] and suggested in [20].
Indeed, in case of mono-axial stress state sxx (syy ¼ txy ¼ 0), from
relations (2), (8) and (9), we obtain the elastic modulus Eqx for an
unidirectional specimen having fiber orientation q:

Eqx ¼
sxx
εxx

¼
�
cos4ðqÞ

E1
þ sin4ðqÞ

E2
þ 1
4

�
1
G12

� 2n12
E1

sin2ð2qÞ
���1

(24)

equation (24), particularized for q ¼ 45+ and resolved with respect
to G12, gives:

G12 ¼
"

4
E45x

� 1
E1

� 1
E2

þ 2n12
E1

#�1

(25)

We used equation (25) along with the others experimentally
obtained elastic constants E1, E2 and n12, to calculate the in-plane
shear modulus G12.

Similarly, we tested 45+ samples to determine their yield
strength S45x that is used to calculate in plane shear strength S12
[14,23]. Indeed, particularizing eq. (23) for q ¼ 45+ and resolving
with respect to S12 we obtain:

S12 ¼

264 4�
S45x

�2 � 1
S22

375
�1

2

(26)



Table 2
Tested printing configurations differing in the filament cross-section and in the
material composition.

Configuration Type Thickness [mm] Width [mm]

A1 A 0,2 0,4
A2 A 0,25 0,5
A3 A 0,3 0,6
B1 B 0,2 0,4
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We used equation (26) along with the experimentally obtained
transverse yield strength S2 to calculate the in-plane shear strength
S12. Moreover, we tested 20+ and 70+ specimens to assess predic-
tion capabilities of CLT and Tsai-Hill yielding theory.

We consider several configurations, differing in the meso-
structure, i.e. the filament cross-section, and in the material
composition. Configurations are listed in Table 2: the letter in-
dicates the material, while the number indicates the filament di-
mensions. For type Awe tested three configurations (i.e. A1, A2 and
A3) in order to investigate how fiber cross-section influences me-
chanical properties; for type B we consider the most common
filament dimensions (i.e. configuration B1) to assess the influence
of chemical composition alone on mechanical behavior. Fiber-to-
fiber overlap is set to 10% of the fiber width.

It must be noted that, at the present day, there are no approved
specific standards dedicated to the evaluation of 3D-printed objects
tensile mechanical properties. Because of their pronounced
anisotropy, the selection of the specimen shape is a fundamental
issue.

Recommendations from CEN-ISO committee of AM materials
have recently appeared suggesting the use of ISO-527 standard
which involves the same sample shape (dog-bone) of ASTM D638
standard [3]. However, previous studies (e.g. [1]) show that ASTM
D638 dog-bone shape gives rise to complications in tensile tests of
3D-printed FDM specimens. Such complications involve stress
concentrations, which are produced by the termination of infill fi-
bers used to approximate the large radii (see Fig. 3a). The authors
attempted to relieve the stress concentrations by using perimeters
that follow the contour of the sample. This approach entails further
problems such as areas where the extruded fibers are no longer in
pure tension but subjected to bi-axial stress state.
Table 3
Specimen dimensions used following ASTM D3039/D3039M - 00 standard geometry rec

Fiber orientation Specimen length l1 (mm) Specimen/tabs width w (mm)

0+ 250 15
90+ 175 25
45+ 250 15
20+ 250 15
70+ 250 15

Fig. 3. Specimen shape. (a) Stress concentration zones for ASTM D638 dog-bone specim
Given these considerations, we observe that dog-bone speci-
mens fail prematurely at the stress concentrations or at the bi-axial
stress state zones, i.e. at radius level, while the rest of the sample
remains intact. This is in contrast with ASTM D638 and ISO-527
standard requirements that actually enforce the failure to occur
in the gage region (central part of the specimen), otherwise the test
must be rejected.

To avoid such complications, we chose ASTM D3039 standard
[2] as it is tailored to anisotropic materials. The specimen recom-
mended by ASTM D3039 test method consists in a thin flat strip of
material having a constant rectangular cross section as shown in
Fig. 3b.

Specimen dimensions vary with fiber orientation q according to
Table 3. To prevent gripping damage near the testing machine jaws
area, ABS tabs are bonded to the specimen ends using a cyanoac-
rylate adhesive.

For specimen manufacturing, first 3D models are created for
both samples and tabs, through a CAD software. They are then
exported as STereoLithography (STL) files and subsequently loaded
in the slicing software. In order to produce unidirectional speci-
mens, G-Code manipulation is mandatory, since, currently, there
are no slicing programs able to directly produce them. We pre-
liminarily used Slic3r [10] and KISSlicer [13] slicing software to
produce G-Codes for i) the single layer and ii) for the support
interface, respectively. Subsequently, we developed a custommade
routine in Matlab environment [9] to assembly the final G-Code
with the desired features.

ABS specimens are tested under displacement control, at room
temperature, on a MTS Insight test system, with computer control
and data acquisition. Strain is measured with a video extensometer
(ME-46 video extensometer, with 1 mm resolution and a camera
field of view of 200 mm) at the mid-section of the specimen (gage
section). Following ASTM D3039 recommendations, the displace-
ment rate, is set to 2 mm/min, and it is selected to produce failure
within 1e10 minutes.

4. Results

Tensile tests on specimens at 0+ are able to capture the me-
chanical response of a 3D-printed part that mainly depends on the
ommendations.

Specimen thickness t1 (mm) Tabs length l2 (mm) Tabs thickness t2 (mm)

1,2 36 1,6
2 25 1,6
2,4 36 1,6
2,4 36 1,6
2,4 36 1,6

en, (b) dimensions of the adopted specimens for tensile tests according to Table 3.
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mechanical behavior of the fiber i.e. on intra-fiber properties.
Conversely, tensile tests at 90+ are suitable for retrieving the me-
chanical characteristics of 3D-printed parts which primarily
depend on the bonding process, i.e. on inter-fibers properties.
During tensile tests we observed that specimens, especially longi-
tudinal ones, exhibited whitening regions, i.e. regions where the
material turn its color into lighter shades. Yielding and subse-
quently failure originated in proximity of these whitened zones,
where we observed localized fiber delamination. Conversely, 90+

specimens did not show considerable whitening, with failure al-
ways occurring at the interface between adjacent fibers.

Fig. 4 reports the experimentally obtained stress-strains curves
for specimens with fiber orientation q equal to 0+, 45+ and 90+

respectively, for all configurations examined.
Stress-strain curves clearly display that fiber orientation plays a

significant role on the mechanical properties of the 3D-printed
material. Indeed in Fig. 4 we observe that longitudinal specimens
(0+) show the more ductile behavior: a linear elastic part is fol-
lowed by an elastic region in which the maximum stress value is
reached, then the final part of the curve is characterized by a plastic
deformation at constant stress. Transverse specimens (90+) show
the more brittle behavior, almost without plastic deformation,
while 45+ specimens mechanical response lies approximately in
the middle between 0+ and 90+ samples. For each configuration,
elastic constants, yield stresses and ultimate strains are reported in
Table 4.
Fig. 4. Stress-strain curves for con

Table 4
Elastic constants, yield strengths and failure strains for the different configurations teste

Configuration A1 Configuration

E1 [MPa] 1810 ± 63 2010 ± 153
E2 [MPa] 1695 ± 112 1671 ± 57
n12 0,32 ± 0,1 0,32 ± 0,1
G12 [MPa] 617 ± 43 641 ± 47
S1 [MPa] 25,5 ± 0,2 26,3 ± 0,2
S2 [MPa] 16 ± 1 14,6 ± 0,4
S12 [MPa] 13,7 ± 0,6 12 ± 0,7
ε
u
1 [mm/mm] 0,04 ± 0,02 0,021 ± 0,00
ε
u
2 [mm/mm] 0,012 ± 0,002 0014 ± 0,002
Fig. 5 reports elastic modulus against fiber orientation q as in eq.
(24). Elastic response analysis of each configuration shows that
Young's modulus at 0+ is generally higher than Young's modulus at
90+. An unusual behavior is observed for configuration B1 for
which 90+ elastic modulus is higher than 0+ one.

Fig. 6 reports the yielding stress against fiber orientation q in
case of mono-axial stress as in eq. (23). From the results reported
wemay conclude that strength modeling through Tsai-Hill yielding
criterion is sufficiently accurate to describe specimen behavior. Fi-
ber orientation significantly affects tensile yield strength: longitu-
dinal specimens have a much higher yield strength than transverse
specimens (from 25% to 45% higher). Higher data scatter can be
observed in 45+ and 90+ specimens, while it is significantly lower
for 0+ specimens. This can be attributed to a transition in the failure
mode from 0+ samples ductile fracture to 90+ samples brittle
fracture, led by fiber-to-fiber bonding strength. Such transition is
suggested to happen even after a slight change in the fiber angle
from 0+ [23].

5. Discussion

Elastic modulus validation data (20+ and 70+ specimen) show a
good consistency with theoretical estimation for configuration A1
and B1, while for configurations A2 and A3 some overestimation of
CLT with respect to experimental data has been observed (see
Fig. 5).
figurations A1, A2, A3 and B1.

d.

A2 Configuration A3 Configuration B1

1953 ± 83 1606 ± 152
1752 ± 63 1842 ± 154
0,35 ± 0,05 0,3 ± 0,2
772 ± 47 643 ± 109
23,7 ± 0,7 28,6 ± 0,6
17 ± 0,4 22,3 ± 0,7
13,2 ± 0,3 13,4 ± 0,3

7 0016 ± 0,002 0,31 ± 0,07
0017 ± 0,002 0028 ± 0,004



Fig. 5. Elastic moduli E against fiber orientation q.

Fig. 6. Ultimate yield stresses against fiber orientation q in case of mono-axial stress state. The area under the curve represents resistance domain accordingly to Tsai-Hill criterion.
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Validation data for Tsai-Hill criterion are also well consistent
with theoretical estimation, with some slight underestimation for
70+ specimens of configurations A1 and B1 (see Fig. 6): the reason
probably lies in the air gap parameter. For configuration A1 and B1,
indeed, 70+ samples could not be printed with the same air gap of
the experimental data samples (namely 0,2 mm air gap), because
the printing always failed. Lowering the air gap to 0,15 mm allowed
the samples to be printed. The reduction of air gap increases the
fiber-to-fiber adhesion in the first 1e2 layers, strengthening the
whole specimen.

Comparisons between configurations have been carried out as
follows: we first compared three different filament cross-sections,
printed with the same material (configurations A1, A2 and A3)
and then two different materials, with the same cross section
(configurations A1 and B1).

Manufacturing and testing conditions were kept identical in all
configuration, with the only exception of air gap parameter. Con-
figurations A1, A2 and B1 samples have been printedwith an air gap
of 0,2 mm, while configuration A3, for printability reasons, has
been printed with 0,1 mm air gap.
5.1. Fiber cross-section comparison

The comparison between the various filament cross sections has
given the following results:

� elastic modulus raises while increasing filament section, both at
0+ and 90+ (see Fig. 7). This means that stiffness tends to be
higher with bigger filaments, thus with a lower number of fil-
aments in the layer (given a fixed geometry).

� Uniaxial tensile strength at 0+ decreases raising filament cross-
section, meaning that a higher number of smaller filaments in
the layer exhibits a higher strength. Conversely, uniaxial tensile
strength at 90+ raises increasing filament cross-section (see
Fig. 8).

� Ultimate strain at 0+ decreases increasing filament cross-
section, conversely strain at failure at 90+ increases with fila-
ment cross-section (see Fig. 9).

� Shear modulus raises increasing cross-section, while shear
strength shows a trend similar to 0+ uniaxial tensile strength
(see Fig. 10).



Fig. 7. Elastic moduli for configurations A1, A2 and A3.

Fig. 8. Uniaxial tensile strength for configurations A1, A2 and A3.

Fig. 9. Strain at failure for configurations A1, A2 and A3.

Fig. 10. Shear modulus and shear strength for configurations A1, A2 and A3.
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Tensile and shear strength values obtained for configuration A2
seem to be anomalous. Tests for such a configuration have been
repeated to assess the anomalous results, previously checking G-
code instructions, modality of specimen measurement and tensile
test conditions. New results, not reported here, are perfectly ac-
cording to the previous one, presented in study. A possible expla-
nation for the anomalous results comes from the resolution of the
motor stepper unit of the z axis (0,015 mm), responsible for the bed
movement and thus for the layer height. The resolution may not
allow a precise movement on the z axis of 0,254 mm, that is the
nominal value so far approximated at 0,25 mm. Since the error is
systematic, the resulting height of each layer may significantly vary
from its nominal value. The error cannot be estimated from spec-
imen thickness measurement, because all the specimens present a
significant deviation from the nominal value, independently from
filament section (0,2 � 0,4 mm: 16%, 0,25 � 0,5 mm: 13% and
0,3 � 0,6 mm: 18%). Thus, the anomalous values regarding
configuration A2 may come from a different bonding between
subsequent layers due to an incorrect layer height.
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5.2. Material comparison

From the comparison between materials, maintaining the same
filament cross-section, we can make the following considerations:

� type B shows, compared to type A, higher elastic modulus
(Fig. 11) at 90+, higher tensile strength (Fig. 12) and strain at
failure (Fig. 13) for both 0+ and 90+ orientations. Only the elastic
modulus at 0+ is higher for type A.
Fig. 11. Elastic modulus at 0+ and 90

Fig. 12. Uniaxial tensile strength at 0+ an

Fig. 13. Strain at failure at 0+ and 90

Fig. 14. Shear modulus and shear stren
� Type B elastic modulus at 90+ is higher than the elastic modulus
at 0+. This behavior may depend on the optimal bonding
properties of type B.

� The ultimate strain at 0+ for type B is ten times higher than the
corresponding type A failure strain.

� Shear modulus and strength (Fig. 14) do not show significant
differences between type A and type B.

Type B shows a more ductile failure mode compared to type A,
+ for configurations A1 and B1.

d 90+ for configurations A1 and B1.

+ for configurations A1 and B1.

gth for configurations A1 and B1.
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with much higher delamination. A brittle failure mode is found on
90+ specimens, both for type A and type B.

6. Conclusions

In this paper we investigated how fiber orientation, filament
dimensions and chemical composition affect the mechanical
properties of ABS 3D-printed components. In particular, we tested
and compared i) three different meso-structures on the same ma-
terial and ii) two different types of ABS using the same meso-
structure.

As already highlighted by previous works, we verified howa 3D-
printed material shows anisotropic mechanical properties.
Accordingly, CLT and Tsai-Hill yielding theory were found to bewell
capable of predicting in-plane stiffness and strength at the macro-
scale. Moreover, we experimentally investigated how meso-
structure impact on macro-scale mechanical properties.

We assessed that, acting on chemical composition, it is possible
to tune i) fiber properties and ii) fiber-to-fiber bonding and,
consequently, the overall mechanical properties at macro-scale, in
particular the yielding strength and the strain at failure.

Relying on the good consistency between experimental and
estimated data, we strongly suggest the adoption of suitable stan-
dard test methods tailored on anisotropic materials in order to
experimentally evaluate mechanical properties of FDM 3D-printed
parts.

The experimentally obtained data are useful to calibrate me-
chanical and yielding models to be used with numerical simula-
tions as finite element analyses. Such computational tools would be
used along with optimization techniques to design structural-
optimized functional parts.
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