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ABSTRACT

The mechanical properties and crack growth resistance of polylactic acid (PLA) specimens produced via
additive manufacturing were investigated. The primary objective was to evaluate the influence of printing
orientation on the mechanical behavior of specimens under different loading conditions. Specimens were
fabricated with three printing orientations: 0°, 90°, and 0°/90°, representing longitudinal, transverse, and
bidirectional layer arrangements, respectively. The results revealed that changing the printing orientation from
0° to 90° or 0°/90° significantly increased the maximum tensile stress by approximately 39% and the strain at
failure by an average of 30%. To assess crack growth resistance, fracture tests were conducted under tensile
(mode-1) and shear (mode-I11) loading using butterfly-shaped specimens tested with a modified Arcan fixture.
Geometric factors corresponding to different loading orientations were extracted using finite element
simulations. The results indicated that the critical strain energy release rate under shear loading was
approximately 58% lower than under tensile loading. Additionally, specimens printed at a 90° orientation
exhibited lower crack growth resistance compared to those at 0° and 0°/90° due to weaker interlayer bonding.
Ultimately, the 0°/90° orientation was identified as optimal, offering a favorable balance between high tensile

strength and adequate crack growth resistance.
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1- Introduction

Additive manufacturing (AM) has recently garnered
significant attention in engineering applications due to
its unique capabilities. As materials produced through
this method exhibit distinct mechanical behaviors,
comprehensive mechanical testing and engineering
analysis are essential to achieve reliable performance
under various loading conditions. In recent decades,
polymer-based additive manufacturing has been
widely adopted across diverse industries. To ensure
the safe and effective use of this technology, extensive
research has been conducted in recent years. This
study investigates the combined effects of printing
orientation and loading direction on the mechanical
behavior of additively manufactured PLA. The
research comprises a series of experimental tests and
numerical simulations to characterize the mechanical
properties of specimens manufactured via Fused
Filament Fabrication (FFF) with printing orientations
of 0°, 90°, and 0°/90°.

2- Methodology

Dog-bone and butterfly-shaped geometries were used
to evaluate mechanical properties and fracture
behavior, respectively. All specimens were tested
under standardized conditions to ensure consistency.
As expected, following a limited plastic deformation,
a sudden and nearly brittle failure was observed,
indicating the applicability of Linear Elastic Fracture
Mechanics (LEFM). Notably, specimens printed at 0°
exhibited earlier failure compared to those at 90° and
0°/90°, with lower ultimate tensile strength (UTS).
This behavior can be attributed to the fiber orientation
in each specimen. The results showed differences in
elastic modulus, yield stress, ultimate tensile strength,
and ultimate strain across the printing orientations,
with variations of 16%, 39%, 17%, and 30%,
respectively. A modified Arcan fixture, which
addresses the limitations of previous versions [1, 2],
was employed for fracture testing.

The load-displacement results from the experimental
fracture tests are presented in "‘Figure 1. For
specimens under tensile loading, the bidirectional
(cross) configuration sustained higher loads compared
to other orientations, indicating that the cohesive

zones between fibers significantly contribute to load-
bearing capacity in this case. In contrast, in the parallel
configuration, fibers primarily bear the load, and their
higher stiffness limits deformation prior to crack
initiation. The difference in displacement before crack
initiation  between these  configurations was
approximately 93%. Clearly, the location of maximum
stress can serve as an indicator of the crack initiation
region. The 0°/90° grid-like printing orientation
exhibited behavior intermediate between the two
extremes. A reduction in the number of fibers aligned
with the loading direction decreased stiffness,
allowing greater deformation before crack initiation. A
similar trend was observed for the maximum sustained
load.
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Figure 1. Load-displacement curves of butterfly-shaped
specimens manufactured via FFF under combined
tensile and shear loading with raster orientations of 0°,
90°, and 0°/90°.

"Figure 2" illustrates the results of finite element
simulations of the butterfly-shaped specimen. As
evident, the plastic zone at the crack tip (shown in
gray) is confined to a limited region, justifying the use
of Linear Elastic Fracture Mechanics in this study.
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Figure 2. Stress distribution at the crack tip of the
butterfly-shaped specimen under tensile and shear
loading conditions.

3- Results and Discussion

Critical stress intensity factors for various loading and
printing orientations were determined based on
geometric factors extracted from finite element
analyses and critical force values obtained from
experimental fracture tests. The material generally
exhibited greater resistance to crack growth under
tensile loading compared to shear loading across all
printing orientations. The critical fracture values for
mode-1l were, on average, approximately 58% lower
than those for mode-1. Another significant finding is
the influence of printing orientation on critical fracture
values. The 90° orientation showed poorer
performance compared to the 0° and 0°/90°
orientations, a trend observed in both tensile and shear
loading conditions.  Additionally, the 0°/90°
orientation performed nearly equivalently to the 0°
orientation. From a fracture mechanics perspective,
the 0° and 0°/90° orientations can be considered
equivalent and are superior to the 90° orientation.

4- Conclusions

This study utilized a modified Arcan fixture to
investigate the fracture behavior of PLA specimens
printed at 0°, 90°, and 0°/90° orientations. The key
findings are as follows:

- Crack growth resistance under tensile loading
exceeds that under shear loading across all
printing orientations, with critical fracture
values for mode-I1 being approximately 58%
lower than those for mode-I.

- The 90° printing orientation exhibits inferior
crack growth resistance compared to the 0°
and 0°/90° orientations, a trend consistent
across both tensile and shear loading,
indicating that this performance is
independent of loading direction.

- The 0°/90° orientation performs nearly
equivalently to the 0° orientation, with
performance reductions of only 1% and 7%
in tensile and shear modes, respectively.

- The 0°/90° orientation is recommended as the
optimal choice, offering a favorable balance
of acceptable crack growth resistance, high
tensile strength, and adequate deformability.
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Fig. 1. a) Dimensions and printing orientation of dog-bone specimens, b) schematic of the tensile testing setup for
PLA filaments.
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Table 1. Results of tensile tests conducted on polylactic acid filaments [9].
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Fig. 2. True stress-true strain curves of specimens manufactured via FFF.

Ded sy 65580 Hebas At cole slalinl) b bbaiges jiiS 95 3l oo zl Pl osls oles b el o3V aslsl o

Cole Sl 5 sl G5 5 aled ol sald G5 ] pe ol polie M oS saalie il b
@ o gl i (o aS (Gadsd pl 5o eoliul 550 STl (6055 Ay dzgs b adl o Yo g VWL YL NP Ll g wiliSee
9250 (65, 55luanl 45 595 o 418 5 A e (5 il so dmaniw¥] Jooe eyl 5l 6 15 b sves el ons il ]
Lol shgpita BB g aiila glon canSls polae o g BB alslae g o) S 68,5 eobs S ple> b akal, o
s I35 3 01 il L glalial 5 o il ol LSy 1 35 05 0 1 85 (6508 e 32800 3 ol
oo oolitnl (Sl Lolgm puSileo polie I b gilwamd j0 o creed 4 [VA] cusl oats om0 5l JSE et @

S|

S gl i lojT — ¥
Kges 31 45 el g abligo S5 & N1 sl 5 ly s, lite 3T )y ol e Sl 4 425 L
w1y Gl ol a5 Can (58,50 alax 5T UK slaily p diges g BI,T 0,05 09 soliiwl o jiole;l eled jo Lo oS 5



Gloasus 10 39g0 Slol 1 4 el oo sl G, 0 1 0ol Mol aduns SO 3l iz opl 0 [YYYY] WS o gl d oo
S 5 slinly 4 s 6,105 ,L sl 50 50 5 eSS el sladiges b censls LialesT [YONF] conl suts Mol o] jo L
ol o a8l] )1 51 slaods B Ss g (F JSa) b ploul 4+ °1+° L g -7 o ” Ol slily w0 o dugs sladiges s,
A s nTslr Gl Jd Sl alie Grizen 0855 15 Joe Do (o Nike polie 5 0B ST L aw ceSa lesT e

Ad s S by s 1.0mm/min pl 6138 L ce e o Sl

24.00

(@) (N
IS 35 (glilg p aiges dlasl (0 g (35T 0 yuS ous Mol A 3 HICS 35 (gldilg y1 digod oSl i bojT 31 Lo (A1 Y Ui

Fig. 3. a) lllustration of fracture testing of pre-cracked butterfly-shaped specimens using a modified Arcan
fixture, b) dimensions of the pre-cracked butterfly-shaped specimen.
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Fig. 4. Configuration of the conducted experiments: the first part of the notation indicates the printing

orientation, and the second part denotes the loading condition, comprising tensile (mode-1) and shear (mode-I1i)
loading relative to the crack orientation.
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Fig. 5. Load-displacement curves of butterfly-shaped specimens manufactured via Fused Filament Fabrication
under combined tensile and shear loading with raster orientations of 0°, 90°, and 0°/90°.
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! Linear Elastic Fracture Mechanics
2 Singularity

* Young’s modulus



Yy
Loy
Oy
! Ox
0
\J
Crack >

IF] S5 Sg b 5l (Silesd # JSC

Fig. 6. Schematic representation of the crack tip region [30].
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Fig. 7. a) Finite element meshing of the Arcan fixture and butterfly-shaped specimen used for extracting non-
dimensional stress intensity factors, b) refined mesh pattern at the crack tip.
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Fig. 8. Stress distribution at the crack tip of the butterfly-shaped specimen under tensile and shear loading
conditions.
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Fig. 9. Critical stress intensity factor values for specimens manufactured via Fused Filament Fabrication under
tensile and shear loading with raster orientations of 0°, 90°, and 0°/90°.
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Table 2. Critical stress intensity factors for various loading conditions and printing orientations, along with their
mean values (MPa\/m).
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Fig. 10. Critical strain energy release rates at different loading angles and printing orientations.
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Fig. 11. Post-fracture images of specimens printed at orientations of 0°, 0°/90°, and 90°, subjected to mode-I
(tensile), mode-11 (shear), and mixed-mode (I/11) fracture conditions.
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