
ww.sciencedirect.com

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 5 : 3 1 7 7e3 1 8 8
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Mixed mode brittle fracture of stereolithographic
3D-printed parts
Mohammad Reza Khosravani a,*, Peter Frohn-S€orensen b, Bernd Engel b,
Tamara Reinicke a

a Chair of Product Development, University of Siegen, Paul-Bonatz-Str. 9-11, 57068 Siegen, Germany
b Chair of Production Technologies, University of Siegen, Breite Strasse 11, 57076 Siegen, Germany
a r t i c l e i n f o

Article history:

Received 2 March 2023

Accepted 16 June 2023

Available online 21 June 2023

Keywords:

Additive manufacturing

Mixed mode I/II

Fracture

SLA

DIC
* Corresponding author.
E-mail address: mohammadreza.khosrav

https://doi.org/10.1016/j.jmrt.2023.06.175
2238-7854/© 2023 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

Technical advances in additive manufacturing (AM), also known as three-dimensional (3D)

printing, have led to applications of this technology in creation of end-use items. Conse-

quently, performance and the mechanical strength of AMed parts have become of signif-

icant importance. In this research, fracture behavior and crack propagation of AMed

cracked plates are investigated. To this aim, the stereolithography (SLA) technique is used

to fabricate square plate specimens with a hole in the center and radial cracks that started

at the perimeter of the central hole. Here, full range of mixed-mode fracture (from pure

mode I to pure mode II) are obtained by altering the angle between the crack and the

applied load. We used the finite element method to determine stress intensity factors. This

study deals with a series of experiments on 3D-printed cracked plates to study mixed-

mode fracture and crack propagation in brittle fracture of SLA 3D-printed components.

Additionally, the digital image correlation technique was used to determine strain field on

the surface of the specimens. As SLA is one of the most commonly used concepts in

polymer 3D printing and has garnered significant attention for fabrication of complex

structural elements, the outcomes of this study are useful for next developments and

innovative designs of 3D-printed polymeric components.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Conventional manufacturing techniques such as milling and

grinding have limitations in terms of complexity, product size,

and material loss. In contrast, additive manufacturing (AM)

offers high versatility that can be utilized for fabrication of

geometrically complex components. AM also known as three-

dimensional (3D) printing, is an innovative manufacturing

technique for production of components through layer by

layer deposition mechanism [1]. Since 3D printing is a tool-
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free technique, it reduces wear and machine setup times.

Moreover, 3D printing is flexible in product design and it

overcomes the design limitations associated with subtractive

manufacturing techniques. Due to these advantages, different

AM processes have been used for fabrication of structural el-

ements in divers applications, such as food industry [2],

medicine [3], aerospace [4], healthcare monitoring [5], tooling

and molding industries [6], robotics [7], and construction [8].

The American Society for Testing and Materials (ASTM) [9],

has classified 3D printing into different techniques of which

Vat photopolymerization (VP) is used in the present study.
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VP is a type of 3D printing process which utilizes a light

source to cure photopolymer resin in a vat. There are two

types of VP technologies that are most frequently used: (i)

stereolithography (SLA) printing, where the hardening of

liquid resin occurs by a high-powered laser, and (ii) digital

light processing (DLP), where polymerization of the layer is

based on LED projectors. Photopolymers are thermosets that

are activated upon exposure to radiation, typically in the ul-

traviolet light or visible light spectrum, and they are widely

used as raw material for VP process [10]. Currently, there are

two possible structures for a VP printer depending on the

manufacturer design: bottom-up and top-down orientations

[11]. SLA has been widely utilized in various fields, because of

its benefits in fabrication of structural elements with

complicated geometry at high precision and repeatability in

reduced time compared to traditional manufacturing.

Despite early applications of 3D printing for creating pro-

totypes, it is being utilized formanufacturing of final products.

Consequently, the structural integrity and the mechanical

strength of AMed parts have become of great importance. In

this context, several research studies have been performed to

investigate mechanical behavior and strength of different

AMed parts [12e17]. For instance, in [18] dynamic behavior of

3D-printed composite was studied. In this respect, the speci-

mens were fabricated usingmaterial extrusion process. Based

on the test via Hopkinosn bar, dynamic compression behavior

of 3D-printed part was determined. Later, in [19] polylactic

acid (PLA) and recycled PLA were utilized to print the speci-

mens. Tensile, impact, and bending strength of 3D-printed

parts were determined according to the applicable test stan-

dards. According to the obtained results it was concluded that

PLA had stronger tensile strength than recycled PLA at all

layer thicknesses. However, literature investigations and

previous experimental tests [20e23] confirmed that the

physical appearance andmechanical properties of AMed parts

are mainly characterized by printing parameters and utilized

materials.

The impact of printing orientation on the tensile strength

of SLA 3D-printed parts was studied in [24]. To this aim, the

dumbbell-shaped specimens were fabricated in different ori-

entations and tensile tests were conducted. The documented

results showed that there are relatively small differences

regarding ultimate tensile stress or modulus of elasticity in

the examined specimens. This result is similarwith a previous

study, where Hague et al. [25] reported that biggest changes in

mechanical characteristics of SLA 3D-printed parts are less

than 5%. Therefore, it was concluded that the SLA technique

produces broadly isotropic components and the printing di-

rection has a little influence on the mechanical properties of

components. An extant study [26] examined SLA 3D-printed

components and confirmed that printing orientation has no

effect on the mechanical properties of the SLA 3D-printed

structural elements.

In the first virtual European Conference on Fracture, Li

et al. [27] proposed a holed-cracked square plate (HCSP)

specimen to study mixed mode I/II fracture in brittle mate-

rials. Although there are several research works on the frac-

ture behavior of AMed components made by material

extrusion process, to the best of the authors knowledge there

is no study on the mixed mode I/II fracture of SLA 3D-printed
components. Therefore, here we used the HCSP specimen

configuration, which is suitable to obtain a full range of frac-

ture mode mixities from pure mode I to pure mode II.

The aim of the current study is to examine mixed-mode

fracture in SLA 3D-printed parts. To this end, HSCP speci-

mens are printed with different crack orientation angles.

According to the fracture tests under static loading condi-

tions and finite element model (FEM), the fracture behavior

and stress intensity factors are determined. In addition, we

used the digital image correlation (DIC) technique to deter-

mine local deformation on the specimens surface, strain

distribution at crack tip, and local displacements of tools.

The presented results can be used for design and simulation

of structural elements. In the reminder of the paper we

proceed as follows: the next section presents the numerical

analysis of hole-cracked specimens. In section 3, the details

of specimen preparation and experimental tests are

explained. Discussion on the obtained results and verifica-

tion of experiments using the DIC technique have been pre-

sented in 4. Finally, we conclude the main findings of this

research in Section 5.
2. Numerical analysis of hole-cracked
specimens

The test of the HCSP specimens with respect to crack orien-

tation angle is implemented into a simulation model utilizing

the FEM. Considering the principal kinematics of the experi-

ment (i.e., a linear displacement of both pins in opposite

vertical direction), an elastic deformation analysis is calcu-

lated in an explicit simulation. The model is established and

numerically solved in the software ABAQUS CAE 2021 by

Dassault Syst�emes. Both pins are represented by rigid shells,

as their steel material is nearly a hundred times stiffer than

the polymer material of the HCSP specimens. The HCSP is

discretized by deformable C3D8R linear brick elements, with

an adaptive meshing from a fine 0.25 mm mesh at the inner

hole and crack surfaces towards a coarser 4 mm mesh at the

outer square shape of the HCS plate. In particular, the inner

cracks are modeled with the width as resulting from 3D

printing plus additional narrow outer slits, which are applied

to the physical specimens by a sawing machine. The nominal

thickness of the saw blade (i.e., 0.25 mm), was given as width

for the sharp crack in the model. Each model in the simula-

tions included a total of about 410,000 elements. In the

simulation, the variation of crack orientation angle was

modeled according to the practical experiments. The utilized

resin material is implemented in the simulations by means of

its mechanical elastic properties obtained from the tensile

tests of the present study. Moreover, density is taken from the

material supplier's data sheet [28].

In the current simulations, the contact interactions be-

tween pins and HCSP are modeled as hard contacts in the

element normal direction, while tangential behavior was

modeled by a constant Coulomb's law. The edges of the HCSP

are constrained from any outeof plane movements like in the

fixture of the experiments. With all other degrees of freedom

locked, a constant vertical velocity is applied to the pins in

opposite vertical direction to simulate the loading conditions

https://doi.org/10.1016/j.jmrt.2023.06.175
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of the experimental tests. The simulation runs until a relative

displacement of 0.8 mm is achieved in between both pins,

which agrees with the maximum displacement achieved in

the experiments with respect to local displacement as ob-

tained from DIC, thus excluding clearances and machine

stiffness. The numerical simulations are solved on five par-

allelized processors with double explicit analysis precision

and full nodal output precision.
Fig. 1 e Numerical fracture load studies at HCSP. Variation of th

stress distributions obtained from FE simulations.
From these simulations, the stress maps at maximum

deformation are evaluated. The FEM is used to determine the

dimensionless parameters of Yi and T* for the test coupon

under different fracture modes. The stress gradients at the

HCSP surfaces are all presented in Fig. 1 with respect to the

crack angles. All stress distributions are scaled equally from

zero to 38MPa. In fact, the distinct vonMises equivalent stress

distributions are scaled for comparison. Here, the crack angles
e crack orientation angle and corresponding von Mises
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are varied successively in steps of 15� beginning from 0� (pure
mode I fracture) up to 60� with an additional angle of 68�,
which was identified to correspond to pure mode II fracture

[27].

The illustrated maximum stress value is scaled corre-

sponding to the material's ultimate tensile strength obtained

from uniaxial tensile tests. In the contact area between pins

and HCSP, pronounced local compressive stresses are

observed in simulation and the experimental practices. At the

crack tips of the horizontal, 0� crack orientation, a butterfly-

shaped stress distribution is observed which is found in a

symmetrical pattern and reaches out towards approximately

±45�. With beginning crack inclination, this distribution shape

transforms through the mixed modes until reaching a single,

co-linear club-shaped distribution reaching out from the crack

tip of 68� HCSP, which represents pure mode II. Indeed, by an

increase in b, the von Mises stress contours appear asym-

metric regarding to the crack plane. In Fig. 2, an example for a

such distribution is shown for themixedmode I/II obtained at

45� crack orientation angle.

The adaptive FE mesh discretization strategy leads to even

brick-shaped FEM, which are capable of calculating the stress

distribution in sufficient detail for further studies.
3. Experimental procedure

3.1. Specimen fabrication

In the current study, we used a Formlabs 3D printer (Form 2) to

fabricate the test samples. The build volume of the utilized 3D

printer is approximately 145 � 145 � 175 mm (XYZ). Here, we

used Phrozen TR300 resin and the printing parameters which

are recommended by the resin suppliers were considered for

fabrication of the specimens [28]. In this research, two groups

of test samples were prepared: (i) dumbbell-shaped test cou-

pons, and (ii) HCSP specimens.

Here, the dumbbell-shaped specimens were designed in

accordance with Type I ASTM D638 [29] to obtain basic me-

chanical properties based on the tensile test. A computer

aided design (CAD) platform was utilized to design all
Fig. 2 e FE results of the von Mises stress distribution in a

45� specimen.
specimens, and the files were sequentially saved in “.stl”

format. These files were utilized for fabrication based on the

SLA process. After the printing process, it was necessary to

conduct a post-print curing. In this study, the dumbbell-

shaped specimens were cured by ultraviolet LED light in

different positions and 10 min for each direction to make sure

that there is no uncured resin in 3D-printed parts. It is note-

worthy that 3D-printed dumbbell-shaped samples become

more stable and rigid as a result of this post-print curing. We

printed and examined four dumbbell-shaped specimens.

Similar to the dumbbell-shaped test coupons, we used a

CAD platform and the SLA process for design and fabrication

of HCSP specimens. These specimens are square plates with a

thickness of B and an edge length of W. There is a hole in the

center with diameter D and radial cracks started at perimeter

of the central hole. Here, 2a is the distance between two crack

tips. Fig. 3 shows a schematic of an HCSP specimen

(W ¼ 80 mm, B ¼ 10 mm, D ¼ 32 mm, and 2a ¼ 64 mm). Cracks

in the specimens are printed based on the CAD file and after

the printing process we used a sawing machine to introduce a

more sharpened crack. After fabrication of HCSP specimens,

cracks were visually checked to ensure the correct shape of

the crack tip.

Altering the crack direction relative to the loading

orientation (specified by the inclination angle b) provides

different cases of mixed mode I/II. Particularly, the crack

flanks open without sliding, when the crack is orientated in

the direction of the applied load. Therefore, there is pure

mode I loading. Here, we have printed specimens with

different b equal to 0�, 15�, 30�, 45�, 60�, and 68� to see

fracture mode mixities including pure mode I, pure mode II,

and mixed mode I/II. By this configuration, the mixed mode

loading condition can be easily reached, which is an

advantage, and compared to other center cracked samples,

the hole is more convenient to introduce the crack [30e32].

3D-printed specimens with different b are illustrated in

Fig. 4. Since SLA-printed parts are isotropic, printing direc-

tion has no influence on the mechanical characterization of

the fabricated specimens.
Fig. 3 e A schematic of HCSP specimens (dimensions in

mm).

https://doi.org/10.1016/j.jmrt.2023.06.175
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Fig. 4 e 3D-printed HCSP specimens with different crack angles.

Fig. 5 e Geometries of a dumbbell-shaped specimen and

schematic of tensile test conditions (dimensions in mm).
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It is noteworthy that all 3D-printed specimens were stored

in a dark environment to avoid additional curing and in a

controlled environment (50% relative humidity & 20 �C) prior
to the tests. In this study, for each crack angle, seven identical

HCSP specimens were examined to ensure repeatability and

reproducibility of the results. All test coupons were subjected

to the tensile test that would be explained in the next

subsections.

3.2. Tensile tests of 3D-printed dumbbell-shaped
samples

A series of tensile tests was conducted on the dumbbell-

shaped test coupons. To this aim, we used a Zwick/Roell

Z250 machine, which has a cross-head speed up to 10 mm/s.

The testing machine was equipped with a 250 kN load cell of

the accuracy class 0.02%. The wedge grips of the machine

clamps the shoulder area of the test coupons firmly. Accord-

ing to ASTM D638 [29], uniaxial tensile load was applied to the

samples. The utilized grips held the test coupons perfectly

aligned in the vertical direction. In this study, a constant

crosshead speed of 5 mm/min was applied until failure of the

specimens. Also, prior to the test start, we applied a preload of

5 N to the specimen to eliminate grippers’ slack. Geometries of

a dumbbell-shaped specimen and its tensile test conditions

are schematically illustrated in Fig. 5.

3.3. Experimental practices on HCSP specimens

In the experimental practices, all HCSP specimens were sub-

jected to tensile load in Zwick/Roell Z250 machine, which was

already used for dumbbell-shaped test coupons. To this end,

an appropriate fixture was designed and fabricated using

1.0503 tool steel. The main purpose of the fixture is to apply
tensile load in between both pins which reach through the

central hole of the HCSP specimen. Moreover, the fixture

guides the front and backside of the specimen form any lateral

displacement and avoids any specimen rotation around its

central hole. All fracture tests were conducted under the

displacement-control condition at rate of 2 mm/min. A series

https://doi.org/10.1016/j.jmrt.2023.06.175
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Fig. 6 e A 3D-printed HCSP specimen before and after applying load.
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of tensile tests on HCSP specimens was carried out at room

temperature (RT) conditions. Fig. 6 shows a HCSP specimen

under tensile test conditions prior and after loading.

In the fracture tests on HCSP samples, the

loadedisplacement curve was recorded at RT for each spec-

imen and the load corresponding to fracture initiation (i.e., the

maximum load) is considered as critical load. In fact, once the

load reached to this critical level, all test samples suddenly

fractured at the crack tips. After fracture, the HCSP specimens

were released from the fixture for further crack evaluation.
4. Results and discussion

4.1. Results of tensile tests on dumbbell-shaped
specimens

Based on the tests of the dumbbell-shaped samples, material

properties such as tensile modulus and yield strength were

determined. The obtained mechanical properties of the

examined test coupons are summarized in Table 1. Those

propertieswere also applied in the FEMsimulations. In Table 1,

E denotes Young's modulus at the elastic area of the

stressestrain relationship, and S denotes ultimate tensile

strength. Moreover, e f indicates the value of strain at

fracture, and Sy denotes yield strength. Representative

loadedisplacement curves and the stressestrain relationship

obtained from tensile tests on the dumbbell-shaped samples

are illustrated in Fig. 7.

Evidently a brittle deformation behavior of the utilized

material is observed from the curves. The elastic tensile

modulus E was evaluated from the secant in the interval be-

tween 5 and 15 MPa where the best linear compliance of the

test repetitions was found in the stressestrain relation. The

presented mechanical material parameters confirm the

manufacturer's datasheet in general with an even higher

tensile strength obtained in the present study.
Table 1 e Tensile properties of examined dumbbell-
shaped specimens.

Tensile
modulus

Ult. tensile
strength

Fracture
strain

Yield
strength

E (MPa) S (MPa) ef (%) Sy (MPa)

1888 ± 98 38.8 ± 3.1 3.0 ± 0.3 29.5 ± 1.1
4.2. Results of experiments on HCSP specimens

During the fracture tests, the loadedisplacement curves of the

specimens with various orientation angles were documented

up to the final fracture. Typical loadedisplacement curves of

HCSP test coupons are illustrated in Fig. 8. After achieving a

critical load, all specimens fractured instantly at the crack

tips. It should be pointed out that the tests on HCSP test

coupons confirmed that the fracture load increased with an

increase in the crack orientation angle which is demonstrated

in Fig. 8.

The HCSP specimens experienced pure mode I when b ¼ 0.

In the HCSP specimens, mixed-mode and pure mode II can be

achieved by varying crack angle. As discussed in [27], in HCSP

specimen, mode I and mode II stress intensity factors (KI and

KII) and the non-singular term namely T-stress are functions

of the geometry and depend on the orientation angle b, ratio of

crack length to edge length 2a/W, and diameter to the square

plate length ratio D/W. This can be expressed as follows:

Ki ¼ P
BðW � DÞ

ffiffiffiffiffiffiffiffiffiffi
paYi

p
i ¼ I; II (1)

T ¼ P
BðW � DÞT

* (2)

where YI and YII are the geometry factors related tomode I and

mode II, respectively. Also, T-stress is expressed as T* in a

normalized form. In [27], FE was used to calculate the geom-

etry factors and T* for different crack orientation angles (b) in

HCSP specimens. Fig. 9 left, shows the values of YI, YII, and T*

for different crack orientation angles (b). In HCSP specimens,

when D/W ¼ 0.4 and 2a/W ¼ 0.8, there is pure mode I condi-

tions (b ¼ 0�) and YII ¼ 0. By increasing in the crack orientation

angle (b) from 0� to 68�, the mode II geometry factor (YII) in-

creases while mode I geometry factor (YI) decreases. In pure

mode II, the crack orientation angle (b) is equal to 68�

considering D/W ¼ 0.4 and 2a/W ¼ 0.8 in HCSP specimens. For

better understanding of the contributions of mode I andmode

II stress intensity factors of each b, the relationship between b

and mode mixity is illustrated in Fig. 9 right. In this respect,

parameter Me is specified as follows to show mode mixity:

Me ¼ 2
p
arctan

�
KI

KII

�
(3)

It is noteworthy that Me has a value ranging from 0 to 1.

Indeed, Me ¼ 1 represents pure mode I fracture, while Me ¼ 0

denotes pure mode II. By changing the crack orientation angle

https://doi.org/10.1016/j.jmrt.2023.06.175
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Fig. 7 e The loadedisplacement and stressestrain relationship of the dumbbell-shaped specimens.
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in HCSP specimens, the state of mode mixity would be

changed.

In HCSP test coupons, by varying the crack orientation

angle, the condition of mode mixity and the proportion of

sliding and opening deformation modes changed smoothly.

This phenomenon in HCSP specimens is comparable to short

bend beam samples, as presented in [33]. As it shown in [27],

the HCSP test coupons obtained pure mode II fractures at

inclination angles ranging from 58� to 68�, indicating that the

HCSP sample is faced with a considerable orientation angle

which leads to crack deformation change and shift from pure

mode I fracture to pure mode II. In contrast, in short bend

beam specimens the orientation angles for pure mode II are

typically between 20� and 30�. In comparison, mode mixity in

HCSP test coupons is generally unaffected by small variations

in the crack orientation angle.

4.3. Generalized strain energy density for HCSP
specimens

In this subsection, we present the application of the general-

ized strain energy density (GSED) in the fracture of 3D-printed

HCSP specimens. Although the minimum strain energy den-

sity (SED) criterion has been used in several research studies,

in an extant study [34], the SED criterion has beenmodified by
Fig. 8 e The loadedisplacement curves (left) and max. tensile f
considering T-stress entitled GSED for the analysis of fracture

in quasi-brittle and brittle materials. In [35], based on the

proposed airy stress function, the elastic stress field near to

the crack tip was determined as infinite series expansions:

srr ¼ 1ffiffiffiffiffiffiffiffi
2pr

p cos
q

2

�
KI

�
1þ Sin2q

2

�
þ KII

�
3
2
cos q� 2 tan

q

2

��

þ Tcos2qþ O
�
r
1
2

�
(4)

sqq ¼ 1ffiffiffiffiffiffiffiffi
2pr

p cos
q

2

�
KI cos

2q

2
� 3
2
KII sin q

�
þ Tsin2

qþ O
�
r
1
2

�
(5)

srq ¼ 1

2
ffiffiffiffiffiffiffiffi
2pr

p cos
q

2
½KI Sin qþ KIIð3 cos q� 1Þ � � Tsin q cos q

þ O
�
r
1
2

�
(6)

where srr, sqq, and srq denote elastic stress components in

polar coordinate system. Also, r and q indicate conventional

tip of crack coordinates. Moreover, KI and KII indicate stress

intensity factors in modes I and II, respectively, depending on

the geometry of specimens and loading conditions. T is the T-

stress, and the higher order terms Oðr12Þ is negligible around

crack tip.

The GSED criterion considers the effect of the T-stress term

and critical distance (rc), as well as singular terms obtained
orce vs crack angle (right) of 3D-printed HCSP specimens.
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Fig. 9 e Dimensionless parameters (YI, YII, and T*) versus orientation angle (left), and the relationship between orientation

angle (b) and mode mixity (right).
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from the Williams series expansion near to the crack tip. For

plane problems, the strain energy density function (dw/dv)

stored in an element is defined as follows:

dW
dV

¼ 1
2G

�
Kþ 1
8

ðsrr þ sqqÞ2 � srrsqq þ s2
rq

�
(7)

where G¼ E/2(1þ n) is the shearmodulus of elasticity, and K is

an elastic constant and equal to (3-n)/1þn and 3-4n for plane

stress and plane strain problems, respectively. S is the strain

energy density factor and represents the strength of the

elastic energy field in the vicinity of the crack tip:

S ¼ r
dW
dV

¼ r
2G

�
Kþ 1
8

ðsrr þ sqqÞ2 � srrsqq þ s2
rq

�
(8)

S can be calculated by substituting elastic stress compo-

nents in polar coordinates into Eq. (7), and simplifying Eq. (8);

S ¼ 1
16pG

h
a1K

2
I þ a2K

2
II þ 2a3KIKII þ a4

� ffiffiffiffiffiffiffiffi
2pr

p �
KI T

þ a5

� ffiffiffiffiffiffiffiffi
2pr

p �
KIITþ a6ð2prÞT2

i
(9)

where the coefficients ai(i ¼ 1 � 6) are given by:

a1 ¼ ðK� cos qÞð1þ cos qÞ (10)

a2 ¼ ½Kð1� cos qÞ þ cos qð1þ 3 cos qÞ � (11)

a3 ¼ Sin qð2Cos q� ðK� 1Þ Þ (12)

a4 ¼ Cos
q

2
ðCos ð2qÞ � Cos qþ ðk� 1Þ Þ (13)

a5 ¼ �Sin
q

2
ðCos ð2qÞ þ Cos qþ ðkþ 1Þ Þ (14)

a6 ¼ ðKþ 1Þ
2

(15)

Based on the GSED criterion, the crack growth occurs along

the direction q
◦
where at a critical distance from tip of the

crack rc, S is the minimum. The crack propagation angle and
and fracture toughness for mixed mode I/II can be calculated

utilizing the following equations:

vs
vq
jq¼q0

/½KIsin q+ þ KIIð3 cos q+ � 1Þ � � 16T
3

ffiffiffiffiffiffiffiffiffiffi
2prc

p
cos q+ sin

q+

2
¼ 0

(16)

KIc ¼ cos
q+

2

�
KI cos

2q+

2
� 3
2
KIIsin q+

�
þ

ffiffiffiffiffiffiffiffiffiffi
2prc

p
T sin2

q+ (17)

In [36], it has been discussed how these equations were

derived, where Smith et al. have explained that sign and

magnitude of T have considerable effect on the mixed mode

brittle fracture. In fact, in contrast to positive T, a negative T

increases fracture toughness in the mixed mode fracture.

Based on the GSED criterion, dimensionless parameters KI,

KII, T*, and the critical distance (rc), should be known for pre-

diction of fracture toughness inmixedmode fracture. rc can be

considered as size of the fracture process zone which is in-

dependent of the loading conditions and the geometry of the

specimen. Schmidt [37], proposed a theoretical model to es-

timate the size of the critical distance:

rc ¼ 1
2p

�
KIc

st

�2

(18)

where KIc is the fracture toughness in mode I, and st the ma-

terial tensile strength. Eq. (9), Eq. (16), and Eq. (17) are used and

also YI, YII, T* are extracted from Fig. 7 to determine fracture

toughness from pure mode I to pure mode II in HCSP test

coupons. The obtained results are summarized in Table 2.

These findings are in agreement with reported results in [38],

where Brugo et al. investigatedmixed-mode I and II fracture of

semicircular polyamide specimens with radial edge-crack.

Since mode II has a wider stress state distribution, higher

fracture toughness values are recorded for this mode.

The Fracture tests indicate that in all specimens fracture

started at the initial crack tip. The fractured specimens with

different crack orientation angles are illustrated in Fig. 10.

Only under pure mode I conditions, the crack propagates in
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Table 2 e The results of fracture tests on HCSP specimens.

Crack orientation Crack propagation angle Fracture load Stress intensity factor Stress intensity factor
(b) (q

◦
) Pcr(N) KI (MPa

ffiffiffiffiffi
m

p
) KII (MPa

ffiffiffiffiffi
m

p
)

0� 0� 568.1 0.781 0

15� �14.7� 598.5 0.693 0.194

30� �29.2� 655.2 0.574 0.389

45� �44.6� 708.8 0.482 0.521

60� �55.1� 778.2 0.328 0.645

68� �61.5� 1066.2 0 0.823
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the same direction as the original crack. In mixed-mode I/II

fracture, the crack growth path is distinct from the direction of

the initial crack.

In the present study, we used a free-angle observation

system (VHX-S90F) for visual inspection of the fractured

specimens. In this context, we examined the fracture surface

of all SLA 3D-printed specimens under different mode mix-

ities to determine the crack propagation angle (q
◦
) in different

specimens. In detail, a photo of each fractured specimen was

taken by the above-mentioned observation system and a

tangent line was drawn from the crack tip along the crack

propagation direction. The crack propagation angle was ach-

ieved by measuring the angle between the original crack line

and the tangent line of the crack growth direction. Measured

crack propagation angles are summarized in Table 2 for

different specimens. In addition, the GSED criterion can be

used to determine q
◦
. Fig. 11 shows the crack propagation

angle in a fractured specimen. Also, the comparison of

experimental observation and prediction of crack propagation

angle by GSED is depicted in Fig. 11. Evidently, there is a good

agreement between test results and theoretical predilection

by the GSED criterion.
Fig. 10 e Fractured specimens with different crack ori
The conducted experiments confirmed brittle fracture in

SLA 3D-printed parts. It was observed that in the mixed-mode

fracture of 3D-printed parts, the crack propagates along

curvilinear paths rather than following the initial crack line.

4.4. Verification of fracture tests by DIC

Themethod of DICwas utilized for the examination of relative

displacements and strain gradients within the presented

practical experiments. A gom ARAMIS 12M adjustable base

system was introduced under use of the following configura-

tions and parameter settings. The ARAMIS 12M system

comprises two cameras with 12 megapixels resolution

(4096 � 3000 pixels) which are coupled to two blue LED

lights (24 VDC, 16 W, 10� projection angle, IP64 protection), all

which are equipped with polarized filters for better

specimen illumination without outer illuminating

disturbances. The rate of image capturing was set to 2Hz

and synchronously the channels of the universal testing ma-

chine, i.e., force and displacement were recorded. From the

calibration volume which measured 200 � 145 � 130 mm3

(length �width� depth) and the local resolution of 23.7 pixel/
entation angles and crack propagation directions.

https://doi.org/10.1016/j.jmrt.2023.06.175
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Fig. 11 e Crack propagation angle (q
◦
) in a fractured specimen (left), and comparison of q

◦
by GSED criterion and experimental

tests (right).
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mm, a facet size of 14 pixels and a point distance of 14 pixels

resulted from the stochastic spray paint pattern. In average,

the HCSP specimens provided a total number of evaluation

points of about 11,000 points. In the gom ARAMIS software of

the same name, local displacements and strains are calcu-

lated from the stochastic spray pattern, which was applied on

the specimen surfaces. For this work, the calculation of strain

followed the program standard algorithms summarized in the

ZEISS Quality Tech Guide [39].

During the experimental procedure as already mentioned,

the specimens were captured by DIC. In detail, a trigger signal

was used for bothmachines (testingmachine andDIC) as soon

as a tensile force of 20 N was achieved. After specimen frac-

ture, the synchronized DIC record was stopped manually.

From the experiments, i.e., tensile tests and test of HCSP

specimens, local displacements were evaluated to exclude

any influence of the machine stiffness and utilized assem-

blies. Strain was evaluated by a virtual extensometer from the

tensile tests. From the hole fracture tests, the strain gradients
Fig. 12 e An example of von Mises strain map obtained from th

directly before brittle fracture (left), and evaluation of critical fra

experimental travel and as a function of crack initiation angle (
near crack initiation were of central interest, next to the force

displacement curves. In addition to the strain maps captured

from the spray painted surfaces of the HCSP test coupons,

strain was averaged in a narrow circle of 2 mm radius around

the crack tip to examine critical strain as a function of

displacement.

Fig. 12 shows the test setup with a superposition of the DIC

captured strain map, and the curves obtained when plotting

critical equivalent v. Mises strain at the crack tip over exper-

imental displacement for a representative specimen for each

crack initiation angle on HCSP specimens.

As seen from the plots in Fig. 12 right, critical strain agrees

with the loadedisplacement plots of Fig. 8. The highest load

and strain values are obtained from the specimen with 68� of
crack initiation angle b (puremode II fracture condition). With

decreasing crack initiation angle, load and strain decrease

during mixed mode fractures until reaching similar values for

initiation angles between 30 and zero degrees (the latter rep-

resenting pure mode I fracture). In this range (b ¼ 0� … 30�),
e surface of a 45� HCSP specimen at the critical time frame

cture strain in a close area around the crack tip over

right).
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slightly higher displacements are observed with decreasing

initiation angle.

Strain maps are captured by DIC throughout the experi-

mental procedure on tensile testing HCSP specimens. Fig. 12

left, shows an example of strain map captured just before

fracture for a specimen with 45� crack initiation angle. V.

Mises equivalent strain is scaled in between zero and 0.0050.

In deed, a similar equivalent strain plot is observed

compared to the qualitative stress maps obtained from FEM

and shown in Fig. 1. Hence, by qualitative means, the DIC

method validates the simulation model, which can be

applied for further studies on tensile testing HCSP speci-

mens. Fracture strain εf values of 3.0 percent engineering

strain were evaluated from uniaxial tensile tests. Compared

to the illustrated example of a strainmap for 45� in Fig. 12 left

and the plots of critical fracture strain over displacement in

Fig. 12 right, significantly lower strain values in between

0.002 and 0.0045 are obtained from the crack tips of the HCSP

specimens due to provoking mixed-mode fracture at a sharp

pre-cracked edge.
5. Conclusion

As 3D-printed parts have promising potential for applications

as structural or functional elements in different engineering

fields, their mechanical strength has gained considerable

importance. In the current study, we used the SLA 3D printing

process to fabricate holed and pre-cracked square plate

specimens. A full range of mode mixities in fracture can be

achieved by changing the crack orientation angle. In this

study, the crack orientation angle was changed from 0� to 60�

with intervals of 15�. The finite element analysis was utilized

and variousmodemixitieswere observed (puremode I to pure

mode II). The numerical simulations show that the mode I

geometry factor was decreased with an increase in crack

orientation angle, but there was an opposite tendency in the

mode II geometry factor. A series of fracture tests was per-

formed on SLA 3D-printed specimens and stress intensity

factors (KI and KII) for different specimens are obtained.

Experimental tests show that the fracture load increases as

the orientation angle increases. In addition, it was observed

that only in pure mode I (b ¼ 0�), the crack propagated in the

same direction as the original crack. The crack propagation

angles for different mode mixities are determined and pre-

sented. The results of the conducted simulations are compa-

rable with those from the experimental side, qualitatively and

quantitatively. The generalized strain energy density was

used and a good agreement between experimental results and

theoretical prediction is obtained. The presented results are

beneficial for optimization, further numerical analysis, and

next designs of SLA 3D-printed structural elements fabricated

by the SLA printing process.
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