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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  Revised: Jul. 12, 2025
conditions. Specimens were fabricated with three printing orientations: 0°, 90°, and 0°/90°, representing ~ Accepted: Jul. 31, 2025
longitudinal, transverse, and bidirectional layer arrangements, respectively. The results revealed that —Available Online: Aug. 08, 2025
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-I) and shear (mode-II) 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
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adequate crack growth resistance.

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
achievereliable performanceundervarious 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°.

*Corresponding author’s email: ehadadi@tvu.ac.ir

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
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Fig. 1. Load-displacement curves of butterfly-shaped

specimens manufactured via FFF under combined ten-

sile and shear loading with raster orientations of 0°, 90°,
and 0°/90°.

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.

“Figure 2” illustrates the results of finite element
simulations of the butterfly-shaped specimen. As is evident,

T'ensile mode
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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.

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-II were, on average, approximately 58% lower than
those for mode-I. 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-II 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.

Shear mode

Fig. 2. Stress distribution at the crack tip of the butterfly-shaped specimen
under tensile and shear loading conditions.
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Fig. 1. a) Dimensions and printing orientation of dog-bone specimens, b) schematic of the tensile test-
ing setup for PLA filaments.
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Table 1. Results of tensile tests conducted on polylactic acid filaments [9].
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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 orienta-
tion, and the second part denotes the loading condition, comprising tensile (mode-I) and shear (mode-II) load-
ing relative to the crack orientation.

O J3 5 50b sl Jlod Slor K03 4 S 5yt Csp b
Wl alisee Jolge 5l Wilg5 oo 48" sl 034 Wndiges o oalidl las] 5,95

25 ol Qly slajal)y

CanSs Sy olie yuund dlgo Conslls i 30 (ol dlis

Sy Soa Kooy anl F S0 abb e caliee bylws oo
Obls s o lis (dlasas (9, sla il cod SVl sole S
Eadg0 opl il Caslite K ol G b i adlie o a8 cul S5
bS5 S5 el 5 A5 i 5 ol o LB 3k s
WS (o0 pasiie 35 1) S g S g )lB) (pizres WS (0 oy
oy i &Sl glac e Jols K o pd a0 oliwd slp > oy
i JoS o & ool ] A iz 5 Jsb ) 5
sebdr g o &b AT GAd Gups plyis 4 & b Jole
WS o pasude |y (s Sl odle S 0 S5 S balys S

1. Delamination

YAY

sliwly ol jl) baiges Glgi e 2l oo (S () Iyt (o5
Cod gladiges 53 9 oo odnlie dSlx 1 )15 (o) 3)90 J5 Ol
5 3o el 44 51 it cabolito clo )3 005 e (5o ¢ S
3L 3B layd (ot 4 S 8,5 Wi (lgion et sl
oo Byod ¢ glge cls 3 a8 Jb s o)l clb pl o b Jeoo
Sl JSD 5 ) Blo i o a9 B el > s
90 oyl obuls jlade > M) Wloads S wy alasd Gl LS diges
SN o 45" ol gusly il oo AV dgds 13 S 5 Dy £y 3l B
Sl bl A8l S5 A8 £98 4l I lailis plgis 4 Sl e S5
&lg y .l oy lis 1y cdls g3 cpl ople ()lisy Q-7 /47 glasis
Caddio 1 (93905 b onds el ¢(6)l05)L (gbuwly 5o Lo yud slaws (ialS L
039381 S5 by gy j) B Wiged JS i (30 g 990 als’ o
9 29850 0nliio )UB) (o (5 0ad oo )b pSlus b dlaly )3 393
NS L dlay )3l (S5 o g ple ] Lo o0 Jass b
O Silge Sl g Al oo Cogliie (o8 05 odaliie i3 £2ES 390
cabliie (gliwly o oad Ol diges s (pl jd Ll atilsy 1y 5 Sles



35 71
s
31 e/ N
: ’jr‘f.-\‘ ‘l
R A
R A .
’l' / .'-_ l \\\
2 T l’” / .: l “\
~ VAR S
z VAV s
Z 1.5 A A ] ~ .
' /.".‘!— ~ "'l ! Lg“““""s_
:" /7.1/ S~ Freeen. T eeeees iS
15/ g/ S~ hetS
" I’ = - — — — - °
j/{l’ -~ - et
05 .7 N e byt
Voo e g
0 t t t t t } L '
0 1 2 3 4 5 6 7
(mm) ks’l’“l’

b (o2 9 (IS (509 i 51 oS 55 o0 B0 g5 Cihodld (g 4y ol Wbl (gaily  SLadiged (o lmla—g i (Sodke . S
.ﬂ.o/.o 9%00 500 Q&Lw 6&@')

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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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.

ables 5l odlitwl b abilodds fpuni (058 s clayiolos] bawgs oS
Ol gy SaS a0 45 7 yStine dms o ol pi ol g dslxe (V)
'/a' 9Y/Y\~ L )g])g ng)J 390 9 WS dg0 ‘-5‘)‘«' Slods Ml}u dgdxe
u_:l)?u )J.)Lo..o 9 (el wl)a.o u.sl L;u)i:l> )‘ ook L’ Mbd
Sl palie () ke )3 025 lagialejl Sl g e slagys
ool Cawd &y aliseo Ols (slabivly (il a4 by g (S D90 Conslld
polde p M) )58 o a4 A S 0 &S LSS el Ll
2 c.)9.wu.o odalin &b Ll u.w): 9 WS dg0 ConSls LSJ‘)}U
u}U&S)J ._\M)) ))I)J )2 wﬁLOA sulf el Jel ey ))5" odle l) 4.‘0)])
BB Sl sblyy (oles )3 )18 cnladloo (B )bl it (STl
390 4 Cand 93 Dgo S D50 Sl ydlde O] .Cuwl sialie
ol Sl edlizal )3 ypam gl bl oo DM dga 5> (S0l joboay S
DB 500 phe iS5 008 (6 by CBY b ¢ b (608,L o edle
il o cnSd Slye palie ol (sliwly 13l (S ol ) gl
‘)ii') 4;9‘) 92 L\ dw.ul.o,a JEEC SN . ul> dl*“") 6.)9».:3‘_540 odalin ASAL\>
s 2,Sles pl aSG) b a5 Ll atil g pcuas 3 Slas
Cyed dl)f 9 Cowl o odaline w29 u&.wf &l EP 9O 32 D

122 dnps yio) g Sy o 1y o3le il Sl 4 s il nge

49

oanlio aSSly ol oad Jlasl i8] osd gl 05 dlawslg 45 4" ol
42 S5 g5 3 BB g el b Ik agly s
by JIT p a5 oS 5 SBLbl Sy an b (S5 Gl 0gMe
2595 duslie b o oy BBl oad 0l vl (gasB K,
Sy 4l ojluil g JSb (Stacly 5l 0Li5 (B b (0iS 390 (5
4l (9 Soe G5 e 5 e Gl |y ) HS)L agls
oozl wyd p sl oS wib o cls 93 a3 S Se Sy
e 6y sl 3o ol )3 b StV e Sle (555 5
olll ool I gppime (35 ©ad ulye GlFie oy ool b
bblie pudin culps polie 4 5 ()Gl (V) dilee )3 1) 3500
Sl wdin Colps pl IMEl 4 a5 b .cdl cawd (g)l35 )L al; o
gy i olyem |y ol (g p48 55 plgicon ( Jlosl g9yl
2l dbre Car S 228 loptlesl l ead ol Sl

Dged oalatwl Sl (5 Gl Colps

g e -7
iz Ols g (61050 cabiwly (gl o Slu i Gud o pd
(ewdid w)..o ul.o.b L Ju::uJ o s k.,d).aé U»L»I)J J.ulyL;o

(Sre G pilie 9 0 (i 3 93 el slaJlod 5l gyt



1.167

(MPam®S) o i Sads cuyo

37 283 2822

B s

= s
2.287

1.084 1.052

00

0°/90°
Pl ax

90°

Sy b (o 2 g (MBS (g pud ST B9 Ctodd (g5 42 0w Ly Slagdged (J1ou AT G cal o palie A JSW
Q)" 9%00 oo CAlw

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-II (shear), and mixed-mode (I/IT) fracture conditions.
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