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A B S T R A C T

The presence of defects in Fused Filament Fabrication (FFF) multi-material components can lead to various 
failure mechanisms, mainly depending on the interface quality between adjacent materials. This study in
vestigates the predictability of crack deflection or penetration using two established criteria from Cook & Gordon 
(C&G) and He & Hutchinson (H&H). Samples are printed from glycol-modified poly(ethylene terephthalate) 
(PETG) and a compliant thermoplastic elastomer on copolyester basis (TPC), where TPC serves as a compliant 
interlayer (IL) within a PETG matrix. To evaluate the stress-based C&G model, tensile tests are conducted on 
mono- and multi-material specimens. The fracture toughness of the TPC IL is determined using the Essential 
Work of Fracture approach. Interface fracture toughness between PETG and TPC is assessed using a stiffness drop 
technique combined with a finite element model, which applies the J-integral method. Two IL thicknesses of 0.3 
and 0.8 mm are tested. The results from mechanical testing show that IL thickness does not significantly affect 
interface strength, but show that the choice of specimen geometry plays a key role regarding fracture behavior. 
Fracture tests reveal that increasing IL thickness enhances the macroscopical interface fracture toughness, 
although the TPC IL fracture toughness itself remains unaffected. The C&G criteria prove unreliable due to high 
nonlinearity, mainly due to the TPC layer. In contrast, the H&H criteria correctly identify the failure mode. 
Nevertheless, further investigations are necessary to validate the given transition value, as the toughness dif
ference between the TPC IL and the interface is too large for conclusive interpretation.

1. Introduction

The printing of dissimilar materials via multi-material additive 
manufacturing (MMAM) offers remarkable advantages over single- or 
mono-material additive manufacturing (AM). Originally developed to 
address the limitations of mono-material printing – most notably the 
comparatively lower mechanical performance of AM parts relative to 
conventionally manufactured components (e.g., injection molded parts 
[1]) - MMAM today mainly targets enhanced component functionality 
[2–6], a reduction in part count, and optimized assembly [7]. In addi
tion, MMAM enables the selective combination of materials with 
different mechanical, optical, electrical, and thermal properties, among 
others. This not only expands design freedom but also holds potential for 
applications in critical sectors such as aerospace (e.g., for lightweight 

structures [8]), electronics (e.g., for soft robotics and actuators [9], 
printed circuit boards [10]), biomedicine (e.g., for drug delivery, tissue 
engineering, etc. [11]), as well as construction by enhancing damage 
tolerance [12–15] in load-bearing structures. However, the extensive 
versatility of MMAM components is well-documented, as demonstrated 
in the recent review by e.g. Khan et al. [16] or Nazir et al. [17]. Despite 
the wide array of modern AM techniques, such as material jetting and 
vat photopolymerization, material extrusion technologies, particularly 
the fused filament fabrication (FFF) process, remain among the most 
significant and widely adopted methods. This prominence is largely 
attributed to their ability to print a variety of more application-related 
materials, ease of use, and cost efficiency, making them an indispens
able tool in the realm of advanced manufacturing.

Regardless of the number of materials integrated into a single 
component, the manufacturing process follows a layer-by-layer 
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deposition of individual strands. These strands and layers bond through 
a combination of wetting, neck formation, and molecular diffusion until 
the final structure is formed [18]. In mono-material AM, this deposition 
is executed by a single extrusion head, whereas in MMAM, multiple 
extrusion heads [16,19] are utilized, or material switching occurs during 
the printing process [12]. Due to the diverse range of process parameters 
involved in strand and layer deposition within the FFF process, 
numerous interfaces are inherently formed [20]. The strength of these 
interfaces depends on the extent of wetting, neck formation, and diffu
sion, which vary based on the process conditions [18], as shown e.g. in 
glycol-modified poly(ethylene terephthalate) (PETG) in Refs. [21, 22]. 
This inherent characteristic presents both a challenge (spontaneous 
catastrophic failures) and an opportunity (increase in damage resis
tance) in FFF-printed structures.

During a component’s service life, cracks may develop. Depending 
on the mechanical and/or fracture properties of the interface and its 
surrounding material, these cracks may either deflect along the inter
face, known as crack deflection [23–25], or penetrate through it, known 
as crack penetration [25,26]. This phenomenon can be strategically 
leveraged to control crack propagation and enhance damage tolerance. 
If an interface is surrounded by a single material, its properties can be 
deliberately tailored through process-controlled parameters such as 
printing speed and extrusion temperature [27]. Alternatively, a 
material-controlled approach can be adopted by printing dissimilar 
materials around the interface. This often involves a deliberate me
chanical mismatch - typically a combination of compliant and stiff 
materials - to influence crack behavior, as shown e.g., by Waly et al. [12] 
in MMAM Charpy samples made of PETG and a thermoplastic elastomer 
on copolyester basis (TPC), as a stiff and compliant constituent, 
respectively. Nevertheless, many material combinations inherently 

exhibit weak interfaces due to their limited chemical and thermody
namic affinity, often resulting in insufficient interfacial adhesion [17], 
which creates the possibility for a growing crack to deflect into the 
interface. Consequently, a wide range of strategies and approaches have 
been developed to modify the interface between dissimilar materials. 
These include techniques such as mechanical interlocking [28,29] and 
various surface treatment methods [30], aimed at enhancing interfacial 
bonding. However, a significant research gap remains regarding the 
reliable prediction of when and under which conditions cracks in dis
similar FFF multi-material structures are more likely to deflect along an 
interface or penetrate subsequent layers. Addressing this gap is the 
primary objective of this study.

The topic of failure mode prediction is not being addressed for the 
first time in this study; rather, it has been a subject of scientific inves
tigation for quite some time. An initial description was provided by Cook 
& Gordon (C&G) [31] in the 1970s, where they discovered that cracks 
are more likely to deflect if the theoretical strength of the interface is less 
than or equal to 20 % of the theoretical strength of the material 
following the interface. This criterion is further referred to as the stress- 
based approach. Later, He & Hutchinson (H&H) [25,32] adopted a 
fracture mechanics approach (energy-based approach) to failure mode 
prediction. They published findings indicating that cracks are more 
prone to deflection when the ratio of the fracture toughness of the 
interface to the fracture toughness of the material following the interface 
is less than or equal to 25 %, in the case of similar materials across the 
interface. Both concepts, in their simplest form, have been widely 
applied across various material classes - including ceramics/ceramic 
composites [33–35], metals/metal composites [36], and polymers/ 
polymer composites [37–41] - to describe and predict failure modes and 
have been continuously refined over the years [42]. However, the results 

Nomenclature

σi interface strength
σm strength of the mono-material in general
σm, Matrix strength of the matrix mono-material
σm, IL strength of the interlayer mono-material
Em Young’s modulus of the mono material in general
Em, Matrix Young’s modulus of the matrix mono-material
Em, IL Young’s modulus of the interlayer mono-material
νm Poisson’s ratio in general
νm, Matrix Poisson’s ratio of the matrix mono-material
νm, IL Poisson’s ratio of the interlayer mono-material
Πi interface fracture toughness
ΠIL fracture toughness of the interlayer material
Gd energy release rate for a deflecting crack
Gp energy release rate for a penetrating crack
α first Dundurs parameter
Wf overall fracture energy
WS energy necessary to create new surfaces
Wpl energy dissipated for plastic deformation in the volume 

around the fracture zone
we essential work of fracture
wp non-essential work of fracture
wsf specific fracture energy
β shape factor
a0 initial crack length
Lth theoretical ligament length
Lreal real ligament length
W specimen width
Fc critical crack initiation force
Fmax maximum force
Fc, optical crack initiation force detected by digital image correlation

ρFilament density of the neat PETG/TPC filament
ρFFF density of the printed PETG/TPC structure
r2 coefficient of determination
n sample runs
AM additive manufacturing
MMAM multi-material additive manufacturing
FFF fused filament fabrication
C&G Cook & Gordon
H&H He & Hutchinson
LEFM linear elastic fracture mechanics
PS plane stress
PE plane strain
DCB double-cantilever beam
SENB single-edge notched bending
DENT double-edge notched tension
EWF essential work of fracture
DIC digital image correlation
MFR melt flow rate
IL interlayer
X interlayer thickness (=0.3 or 0.8 mm)
PETG glycol-modified poly(ethylene terephthalate)
TPC thermoplastic elastomer on copolyester basis
TPU thermoplastic polyurethane-based elastomer
PMMA poly(methyl methacrylate)
PLA polylactic acid
PA12 polyamide 12
ABS acrylonitrile butadiene styrene
PP polypropylene
PEEK polyether-ether-ketone
PET poly(ethylene terephthalate)
LLDPE linear low-density polyethylene
EVOH ethylene-(vinyl acetate) copolymer
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regarding the application and its suitability for failure mode prediction 
of the two mentioned criteria are quite diverse. Focusing on polymers 
and polymer composites, Alam et al. [38] did not observe agreement 
between their results in bonded poly(methyl methacrylate) (PMMA) and 
the H&H criterion. Similarly, Lee et al. [37] conducted experiments on 
PMMA and found a significant deviation from the proposed 0.25 
threshold by H&H, reporting a ratio of 0.64. In contrast, Jia and Wang 
[39] observed consistency with the H&H criterion in inkjet-printed 
brick-and-mortar structures. In a previous study, Waly et al. [22] 
investigated failure mode prediction in various polymers and observed 
that the H&H criterion did not align with the failure modes observed in 
their validation samples. They highlighted potential issues related to the 
nonlinear material behavior and challenges in crack initiation. Unlike 
the C&G criterion, the H&H approach assumes that a crack has already 
impinged on an interface. In the contrary, the C&G criterion, which does 
not require this condition, demonstrated good agreement with their 
experimental findings. Building on this work, they conducted additional 
strain rate-dependent studies on PETG and again observed good align
ment with the C&G criterion, provided that the assumptions regarding 
nonlinearity and plastic zone size were, according to linear elastic 
fracture mechanics (LEFM), not significantly violated [21]. In brief, both 
criteria were originally developed for brittle material behavior and are 
based on LEFM assumptions. However, while the H&H criterion requires 
that the crack has already impinged on the interface, the C&G criterion 
does not consider this as a determining factor [25,31,32].

Despite the simplicity of these two criteria (in their most basic form), 
accurately determining interface properties remains a challenge, espe
cially for the H&H criteria. This is reflected in the limited number of 
reports on characterization methods available in the literature. Despite 
significant interest from both academia and industry, there are still very 
few studies focused on dissimilar materials. In most studies, basic stress- 
strain methods, such as tensile testing [43–45] on bi-material samples, 
have been employed. However, only a limited number of studies focus 
on fracture mechanics-based characterization techniques to quantify the 
interface adhesion strength of stiff-to-compliant material combinations. 
Yavas et al. [46] conducted fracture mechanics investigations on printed 
double-cantilever beam (DCB) specimens composed of polylactic acid 
(PLA) and a thermoplastic polyurethane-based elastomer (TPU). Under 
Mode I loading, they reported a fracture toughness of approximately 48 
± 10 J/m2 while neglecting the nonlinearity of TPU. Building on the 
prior work of Rabbi et al. [47], Stiller et al. [48] investigated the single- 
leg bending test for stiff/compliant material combinations of polyamide 
12 (PA12) and TPU. While this test appears to be a viable alternative or 
complement to the DCB test for stiff material pairings, it seems unsuit
able for stiff/compliant combinations, as its underlying assumptions are 
based on the principles of LEFM, raising questions about the validity of 
the evaluation. Pakhare et al. [49] conducted fracture mechanics studies 
on FFF-manufactured acrylonitrile butadiene styrene (ABS) and TPU 
DCB specimens. To address the nonlinear behavior of TPU and the 
blunting issue of the crack tip at the interface, they developed a finite 
element model to determine fracture toughness using the J-integral 
approach. Their findings indicated that fracture toughness was inde
pendent of initial crack length but influenced by TPU layer thickness. 
Thicker TPU interlayers (IL) led to increased fracture toughness due to 
the formation of larger damage zones ahead of the crack tip.

The investigations in this study are broadly divided based on the 
existing research gaps. First, already established characterization 
methods for comprehensively assessing the mechanical and fracture 
mechanical properties of both bulk materials and interfaces in multi- 
material FFF printing will be presented and discussed in detail. Sec
ond, the applicability of the C&G and H&H criteria in predicting the 
failure mode of multi-material FFF-manufactured PETG/TPC structures 
will be evaluated. Building upon the findings of this and two preceding 
studies [21,22], recommendations for selecting an appropriate failure 
criterion will be proposed and thoroughly analyzed.

2. Experimental

To assess the suitability of predicting crack propagation (crack 
deflection vs. crack penetration) using the two aforementioned criteria 
(C&G and H&H), an experimental procedure was established in 
advance, as schematically illustrated in Fig. 1. Specifically, crack prop
agation in a fracture mechanical single-edge notched bending (SENB) 
specimen under three-point bending was examined. Subsequently, the 
actual failure behavior was compared with the predictions of the criteria 
to identify potential correlations or discrepancies.

As illustrated in Fig. 1, crack propagation in a multi-layered SENB 
specimen with a stiff outer matrix and an embedded compliant IL is to be 
investigated. For the C&G criterion, it is necessary to determine the 
strength of the interface, σi, as well as the strength of the mono-material 
adjacent to the interface, σm, IL, which in this case refers to the compliant 
IL material.

For the H&H criterion, the first step is to determine the threshold at 
which crack deflection theoretically transitions to crack penetration. 
This requires knowledge of Young’s modulus, Em (Em, Matrix & Em, IL), and 
Poisson’s ratio, νm (νm, Matrix & νm, IL), of the mono-matrix and IL ma
terial. Subsequently, the interface fracture toughness, Πi, and the frac
ture toughness of the mono-material adjacent to the interface, ΠIL, has to 
be determined. As with the C&G criterion, ΠIL corresponds to the frac
ture toughness of the compliant IL material. However, it is important to 
note, that this additional step is not required for the C&G model, as the 
threshold remains constant at 0.2, making it independent of the mate
rials used (whether a mechanical property mismatch is present or not).

To ensure the comprehensibility of this study, the materials used are 
first presented, followed by an explanation of the printing strategy, 
which is of particular importance, as identical conditions within the 
printed materials and the interfaces must be ensured for both the 
specimens and the SENB validation samples. This is followed by the 
experimental tests to determine strength and fracture toughness, 
culminating in the final validation tests.

2.1. Materials

Within this study, two materials with distinct mechanical properties 
were utilized. For the stiff matrix material, one of the most widely used 
filament material, PETG, was used which has been extensively investi
gated in previous studies [21,22,50–53]. However, in within study, the 
PETG was obtained from Prusa Polymers (Prague, Czech Republic) 
under the trade name Prusament PETG Jet Black. In contrast, TPC as a 
compliant soft IL was selected due to its chemical affinity with PETG, as 
both materials are based on copolyester. The TPC used (FlexiFil™ 
White) was sourced from Formfutura BV (Nijmegen, the Netherlands). 
Both materials are commercially available as filaments for FFF with a 
diameter of 1.75 mm. According to the manufacturers’ datasheets [54, 
55,], the Em ratio (PETG/TPC) is approx. 16 (1500/95 MPa), high
lighting the difference in their mechanical properties. Prior to printing, 
however, the materials underwent thorough pre-drying for at least 24 h 
at 40 ◦C.

2.2. Printing strategy and sample fabrication

All specimens were fabricated using an Original Prusa i3 MK3S+ FFF 
printer (Prusa Research, Czech Republic), which was equipped with a 
Multi-Material Unit MMU2S (Prusa Research, Prague, Czech Republic). 
The MMU2S works according to the principle of material switching 
during the printing process whose detailed functionality can be found, e. 
g., in Ref. [12]. The print head was fitted with a 0.4 mm brass nozzle. 
After slicing the files with PrusaSlicer software, version 2.9.0 (Prusa 
Research, Prague, Czech Republic), a series of specimens, as shown in 
Fig. 2, were printed onto a Polyetherimide-coated steel plate to ensure 
first-layer adhesion and minimize warping. It should be noted that the 
specimens shown in Fig. 2 are already oriented on the build platform as 
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in their final printed state.
Samples were printed unidirectionally (0◦) with a layer height of 0.1 

mm, a printing speed of 30 mm/s, a 100 % infill, an extrusion multiplier 
of one, a fan speed of 60 %, and a nozzle temperature of 240 ◦C, 
regardless of the material. It is also important to note at this point, that 
build platform heating was deactivated for all prints, meaning that the 
materials were processed under ambient conditions (~23 ◦C). This 
approach was chosen to eliminate any influence of build platform 
temperature on the initial few layers and morphology, as shown, e.g., in 
Refs. [21, 56]. This is particularly important when thinner structures are 
printed directly on the build platform, such as samples (a) and (c). Using 
a conventional approach with elevated build platform temperatures 
would, depending on the selected material, increase chain mobility and 
thus promote a more homogeneous and denser microstructure, which in 
turn could alter the mechanical properties. To overcome these in
fluences, the chosen printing strategy was applied in order to maintain 
consistent conditions at the crack tip of the validation specimens and 
across all other samples, thereby enabling meaningful and comparable 
assessments.

For the investigation of the C&G criterion, two types of specimens 
were printed, as shown in Fig. 2. To determine the strength of the mono- 
materials (σm, IL and σm, Matrix), tensile specimens were printed based on 
DIN EN ISO 527-2/Type 1BA [57] with a thickness of 4 mm (Sample a). 
The second set of specimens was used to determine σi (Sample b). In this 
case, tensile specimens without shoulders were selected with di
mensions of (10 × 6 × 65) mm3. This choice of specimen is primarily 

based on a previous study [21] and on several recommendations by Sola 
et al. [58]. It was observed that the thickness of the specimens has a 
strong influence on σi. If the specimens are too thin, edge effects and 
instabilities as well as thermal conditions during strand deposition can 
affect σi; if they are too thick, out-of-plane failure can occur due to 
possible shear stresses, which in turn can distort the results. For this 
reason, a thickness of 6 mm was chosen, as this falls within a range 
where σi remains constant, thereby ensuring comparable conditions to 
the validation specimens. Moreover, two different approaches were 
employed. In Approach 1, an IL, marked as X in Fig. 2 (Sample b), was 
printed between the stiff matrix material. The X consistently indicates 
the thickness of the IL material throughout Fig. 2. In this study, two 
different IL thicknesses were investigated (0.3 and 0.8 mm), with their 
selection primarily based on previous research [12] and the associated 
likelihood of differing crack propagation behaviors (deflection versus 
penetration).

In the second approach, the specimen was printed with one half 
consisting of matrix material and the other half of IL material (Bi-layer 
configuration). The main objective of this approach was to identify 
potential differences in mechanical properties.

For the investigation of the H&H criterion, again two different types 
of specimens were printed (Fig. 2). To determine ΠIL, double-edge 
notched tension (DENT) specimens with fixed dimensions of (110 ×
35 × X (= 0.3 or 0.8 mm)) mm3 were printed, while the theoretical 
ligament length, Lth, was varied between 5 and 15 mm (Sample c). To 
determine Πi between the matrix and IL, DCB specimens (Sample d) 

Fig. 1. Schematic overview of the mechanical/fracture mechanical parameters determined to assess the applicability of the Cook & Gordon (C&G) and He & 
Hutchinson (H&H) criteria for failure mode prediction in multi-material printed components.

Fig. 2. Printing strategy and selected dimensions of the specimens used for the various investigations. The samples are oriented on the build platform as in their final 
printed state. All dimensions are given in mm.
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were fabricated with dimensions of (62 × 10 × (20 + X (= 0.3 or 0.8 
mm))) mm3.

For the validation of both concepts, SENB specimens (Sample e) were 
printed, as illustrated in Fig. 2, with dimensions of (55 × 10 × 10) mm3. 
As in the previous cases, two different IL thicknesses (X = 0.3 or 0.8 mm) 
were considered. In this case, however, the total specimen thickness was 
kept constant at 10 mm. Additionally, the distance from the machined 
notch to the first interface was consistently maintained at 0.4 mm 
(equivalent to four-layer heights in FFF), with the IL thickness varying 
away from the interface accordingly.

Within each test series, the specimens were printed sequentially, 
then removed from the build platform and stored under laboratory 
conditions (23 ◦C and 50 % r.h.) before testing.

2.3. Examination of the C&G approach by means of mechanical testing

For the validation of the C&G criterion, the determination of σm,IL, 
and σi is essential. The criterion suggests that cracks tend to deflect if the 
ratio of these two strengths (σi/σm,IL) is below 0.2. If the value exceeds 
0.2, crack penetration is expected. While the criterion distinguishes 
between similar and dissimilar materials across the interface, a previous 
study [59] has shown that a mismatch in mechanical properties has 
minimal influence on the transition value of 0.2 - unlike the H&H cri
terion, where this fact plays a significant role.

2.3.1. Mono-material strength testing
The measurement of the mechanical properties of the mono- 

materials, including Em, νm, and σm, was conducted using a Zwick 
Z010 universal testing machine from Zwick Roell (ZwickRoell GmbH & 
Co. KG, Germany). The determination of σm was performed on the 
previously mentioned 1BA test specimens. Force measurement was done 
using a 10 kN load cell (calibrated according to DIN EN ISO 7500-1 [60], 
class 0.5), while strain measurement was performed using digital image 
correlation (DIC) with the Mercury RT System (Sobriety s.r.o., Kuřim, 
Czech Republic). For this purpose, the specimens were coated with a fine 
speckle pattern, and deformation was tracked during testing using an 
Allied Vision Prosilica 6600 GT camera (Allied Vision Technologies, 
Germany) equipped with a Tokina AT-X 100 mm 2.8 Pro D lens (Keno 
Tokina Co., Ltd., Japan). Testing was performed following DIN EN ISO 
527-2 [57]. The loading rate for the determination of Em and νm was set 
to 1 mm/min. Thereafter, this rate was increased to 10 mm/min until 
specimen failure. Evaluation of Em and νm was performed according to 
the mentioned standard within a strain range of 0.05 to 0.25 %. 
Clamping was achieved using 2.5 kN pneumatic grips, with a constant 
clamping length of 58 mm and a gauge length of 25 mm. In total, four 
specimens per material were tested under laboratory conditions (23 ◦C 
and 50 % r.h.).

2.3.2. Interface strength testing
For the measurement of σi, tensile specimens with dimensions of (65 

× 10 × 6) mm3 were used. Furthermore, two different approaches were 
employed for determining σI, as previously mentioned. In the first 
approach (Approach 1), the compliant IL was embedded between two 
matrix halves, with IL thicknesses of 0.3 and 0.8 mm. This method was 
chosen as it closely resembles the geometric conditions present in the 
final validation specimen. However, since this configuration results in 
two interfaces, failure could theoretically occur at either one, leading to 
variability within the specimen series. To mitigate this, a second 
approach (Approach 2) was introduced, where the compliant IL material 
was directly printed onto the matrix material, reducing the number of 
interfaces between dissimilar materials.

Regardless of the approach, all tests were conducted on a Zwick Z010 
universal testing machine from Zwick Roell (ZwickRoell GmbH & Co. 
KG, Germany) following DIN EN ISO 527-2 [57]. The machine was 
equipped with a 10 kN load cell (calibrated according to DIN EN ISO 
7500-1 [60], class 0.5). Local strain measurement was performed using a 

makroXtens extensometer (ZwickRoell GmbH & Co. KG, Germany) 
(calibrated according to DIN EN ISO 9513 [61], class 0.5) with a gauge 
length of 25 mm. The specimens were clamped using mechanical grips 
with a clamping length of 55 mm. The loading rate was set to 10 mm/ 
min. The general test setup is illustrated in Fig. 3, exemplified for 
Approach 2. Three specimens per approach and IL thickness were tested 
under laboratory conditions (23 ◦C and 50 % r.h.).

2.4. Examination of the H&H approach by means of fracture mechanical 
testing

In contrast to the C&G criterion, the H&H criterion does not consider 
material strengths but rather fracture toughness values (ΠIL, Πi). In cases 
where the materials surrounding the interface are identical (i.e., no 
mismatch in stiffness), the transition value between crack deflection and 
crack penetration is approx. 0.25 [25,32]. This value represents the ratio 
of Gd/Gp, where Gd is the energy release rate for a deflecting crack and 
Gp is the energy release rate for a penetrating crack.

However, if a mismatch in stiffness between the materials sur
rounding the interface is present, as is the case in this study, the tran
sition value requires recalculation.

2.4.1. Determination of the transition value for crack deflection/crack 
penetration

As previously mentioned, the H&H approach for predicting failure 
modes is based on assumptions from LEFM. Strictly speaking, this 
approach should not be applied in the present case, primarily due to the 
use of the compliant IL material and the resulting high nonlinearity. 
Nevertheless, this concept will still be evaluated for its applicability in 
predicting failure modes and, of course, for comparison with the C&G 
criterion. The determination of Gd/Gp requires complex numerical in
tegral equation methods, making it significantly more demanding 
compared to the C&G criterion. Additionally, numerous variables and 
parameters influence this calculation, as outlined in the study of Lee 
et al. [62] and the references listed there. For this reason, the Gd/Gp data 
used in this study were taken in their simplest possible form from the 
work of H&H [32] and applied to the analysis. These simplifications 
include assumptions such as incompressible material behavior and 
identical initial crack lengths for both crack deflection and crack pene
tration. More detailed insights into the determination of Gd/Gp and the 
factors influencing it can be found in previous studies [42,62,] and are 
beyond the scope of this work. Nonetheless, H&H [32] found in 1994 
that the expression Gd/Gp primarily depends on the first Dundurs 
parameter [63], α. This parameter can essentially be interpreted as an 
elastic mismatch parameter between the matrix and IL material and is 
calculated as follows (Eq.1): 

α =
E1 − E2

E1 + E2
=

Em,IL − Em,Matrix

Em,IL + Em,Matrix
(1) 

where E1 represents the Young’s modulus of the material after the first 
interface, the IL material, and E2 represents the Young’s modulus of the 
matrix material. It should be noted that E = Em corresponds to the ten
sile modulus in the case of a plane stress (PS) condition, and E =

Em
(
1 − ν2

m
)

corresponds to the tensile modulus in the case of plane strain 
(PE) [63]. Due to the small thickness of the tensile specimens, plane 
stress is assumed in this case, and E = Em is applied. It should be noted 
that, for the sake of completeness, the case of PE was also considered in 
the results to evaluate its influence on the transition value, caused by a 
different stress state. However, for the final assessment of the H&H 
criterion, this transition value was not considered.

2.4.2. Mono-material fracture testing
To determine ΠIL of the compliant IL material, the essential work of 

fracture (EWF) method was used following ISO 2354:2022 [64]. The 
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choice of this methodology is primarily based on two key aspects that 
the compliant IL material exhibits. First, the IL material is a thermo
plastic elastomer. The plastic zone that forms under mechanical loading 
is no longer small compared to the specimen dimensions, and thus the 
stress field at the crack tip can no longer be described by a stress in
tensity factor, such as that derived from LEFM. Secondly, the thickness 
of the soft IL is small. In reality, soft IL materials intended to act as crack 
stoppers are often thin polymer films rather than thicker components, 
which necessitates assuming a plane stress condition. The EWF method 
itself is based on the proposal by Broberg [65,66,] and has been further 
developed by other researchers [67], with a particular emphasis on 
those in the field of polymer science [68,69,]. When a cracked ductile 
material is subjected to stress, plastic deformation occurs in the so-called 
outer region or process zone. In this process zone, energy is mainly 
dissipated for the plastic deformation process. The outer region sur
rounds an inner region, the fracture process zone, where the actual crack 
process takes place, and energy is dissipated for chain breaks and dis
entanglements to create new surfaces. Based on these mechanisms, the 
overall fracture energy, Wf, can be divided into two main components, 
as shown in Eq. (2): 

Wf = WS +Wpl (2) 

where WS, as previously mentioned, represents the energy necessary to 
create new surfaces. Therefore, assuming a proportional relationship to 
the fracture area (L⋅h), the following expression results: WS = we⋅h⋅L, 
where we represent the so-called essential work of fracture - EWF. For 
comparison, Wpl can also be expressed as Wpl = wp⋅h⋅L2⋅β and is repre
sentative of the energy required for the plastic deformation of a certain 
volume in the process zone surrounding the fracture process zone. Here, 
wp represents the so-called non-essential work of fracture - non-EWF, 
h⋅L2 is the volume, and β is a shape factor. When these relationships 
are considered in Eq. (2), it can be transformed into a specific fracture 
energy (energy per unit ligament area), wsf, as shown in Eq. (3): 

wsf = we + βwpL (3) 

To determine these parameters, we and wp⋅β, a series of samples with 
varying ligament lengths (Lth: 5, 6, 7, 8, 10, and 15 mm) and two 
different IL thicknesses (0.3 and 0.8 mm) were fabricated and subse
quently tested. The introduction of sharp notches on both sides of the 
samples was carried out, regardless of the sample thickness, using metal 
templates. For this purpose, metal templates with different Lth values 
were cut using a laser. The unnotched printed DENT samples were then 

clamped between two templates, and sharp notches were manually 
introduced using a razor blade. It should be noted that the printed 
samples were made with an excess in length (0.5 mm on each side), and 
the final ligament length, Lreal, was determined after the notching pro
cedure. In all cases, the samples were notched in a way that met the 
standard’s requirements [64] for the minimum (5 mm) and maximum 
(15 mm) Lreal, with a given specimen width of 35 mm and a specimen 
length of 110 mm. Additionally, the maximum allowable crack tip 
radius of 10 μm, as prescribed by the standard [64], was verified using a 
digital light microscope (VHX-7000, Keyence Corporation, Japan) prior 
to testing.

The samples were tested on a universal testing machine, Zwick Z001 
(ZwickRoell GmbH & Co. KG, Germany), equipped with a 1 kN load cell 
(calibrated according to DIN EN ISO 7500-1 [60], class 0.5). The same 
DIC system, camera, and lens as mentioned in Section 2.3.1 were used to 
measure the local deformation. Before the measurement, the samples 
were sprayed with a fine black pattern, as shown in Fig. 4. Deformation 
and the initial Lreal were then determined using DIC, with a measure
ment length corresponding to the associated Lreal, as specified in the 
standard [64]. The loading rate was set to 10 mm/min, as in the previous 
tests. The samples were clamped using pneumatic grips. In total, three 
samples for each IL thickness and Lth were measured under laboratory 
conditions (23 ◦C and 50 % r.h.). The recorded force-deformation curves 
were then used to calculate wsf by integrating the curves and dividing by 
the cross-sectional area (Lreal⋅h). The data points were plotted in a wsf vs. 
Lreal diagram and subsequently fitted, taking into consideration the 
stress and the outlying data criterion [64] to determine we (intercept of 
the regression line with the ordinate) and wp⋅β (slope of the regression 
line). Note that we are to be equated with ΠIL within this study.

2.4.3. Interface fracture testing
As highlighted in the introduction, a review of the current literature 

reveals that the determination of interface fracture toughness for com
binations of stiff and compliant materials remains highly limited. In this 
study, a recently examined approach by Pakhare et al. [49] was adopted 
to determine Πi. This method is based on a stiffness drop technique and 
uses a finite element model of the experiment to evaluate fracture 
toughness using J-integral [70]. Essentially, the current study followed 
the procedure of the aforementioned work, applying it to the PETG & 
TPC interface to determine Πi. The multi-material DCB specimens were 
printed using the specified parameters. Initially, the matrix material was 
printed, and the material change to TPC was leveraged to place a thin 
Kapton film (approx. 25 mm in length) at the first PETG to TPC interface 

Fig. 3. Tensile test setup for determining the interface strength (σi) of the two investigated approaches (1 and 2); setup exemplarily shown for Approach 2.
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to act as a pre-crack. This resulted in an initial crack length, a0, of 
approx. 20 mm, as illustrated in Fig. 5. The exact a0 value was subse
quently measured after the fracture experiments using a digital light 
microscope (VHX-7000, Keyence Corporation, Japan). Following this, 
the compliant IL material was printed over the Kapton film. The final 
specimen dimensions were (62 × 10 × 20.3) mm3 for an IL thickness of 
0.3 mm and (62 × 10 × 20.8) mm3 for an IL thickness of 0.8 mm. Prior to 
testing, the initial crack region was carefully cleared using a 1 mm thick 
saw blade, extending up to 5 mm ahead of the sharp crack tip to facil
itate unrestricted opening of the crack flanks (Fig. 5). The specimens 
were fixed in a designated fixture using metal pins (4 mm in diameter) 
and subsequently subjected to Mode I loading at a constant loading rate 
of 10 mm/min.

Testing was conducted using a Zwick Z010 universal testing machine 
(ZwickRoell GmbH & Co. KG, Germany) equipped with a 10 kN load cell 

(calibrated according to DIN EN ISO 7500-1 [60], class 0.5). Deforma
tion measurements were recorded using the previously mentioned DIC 
system under the same setup. The DIC was also employed to estimate 
crack initiation, although precise visual identification was significantly 
limited due to high nonlinearity and crack tip blunting. Therefore, the 
15 % stiffness drop method, as described in Ref. [49], was applied to 
determine the critical crack initiation force, Fc. This loading condition 
was subsequently used in a 2D plane strain finite element model where 
Πi was evaluated. This was done by computing the J-integral along a 
contour path surrounding the crack front, using the native imple
mentation available in ABAQUS (Dassault Systèmes, France). The PETG 
was modeled as a linear elastic material, while the TPC behavior was 
defined using the Arruda-Boyce hyperelastic law, calibrated from uni
axial tensile test data. Both materials were assumed isotropic, which is a 
reasonable assumption given that the deformation is dominated by in- 
plane bending [46,49,71].

A detailed explanation of the stiffness drop method and the finite 
element analysis is beyond the scope of this study, but can be explicitly 
found in the work of Pakhare et al. [49]. Any modifications to their 
approach, if applicable, have already been specified. In total, three 
specimens per IL thickness were tested under laboratory conditions (23 
◦C and 50 % r.h.).

2.5. Multi-material fracture testing and accuracy of failure mode 
prediction

To assess the applicability of the C&G and H&H criteria for crack 
deflection/penetration prediction in multi-material FFF printed struc
tures, SENB specimens with dimensions of (55 × 10 × 10) mm3 were 
fabricated. For validation, two IL thicknesses, 0.3 and 0.8 mm, were 
investigated. It is important to note that the incorporation of the IL 
layers was designed in such a way that it did not increase the overall 
height of the specimens; instead, the stiff matrix ligament was modified 
after the second interface (transition from TPC to PETG). As shown in 
Fig. 6, the machine notch was considered during the printing of the 
specimens, which provided the advantage of a narrow gap. This narrow 
gap defined the position for the sharp crack introduction. A sharp razor 
blade was attached to a microtome (Leica RM2255, Leica Microsystems 
GmbH, Austria) for crack introduction. The crack was then introduced 
by a smooth up-and-down movement of the blade (broaching). Addi
tionally, the way the specimens were printed ensured that, from the 
machine notch to the first PETG/TPC interface, regardless of the IL 
thickness, the same number of printed layers was maintained. This 
spacing was kept constant at 0.4 mm (4 printed layers) across all spec
imens, providing the advantage of precisely positioning the sharp notch 
close to the interface, as detailed and discussed in a previous study [21]. 

Fig. 4. Setup for the determination of the fracture toughness of the compliant 
interlayer (ΠIL) using the essential work of fracture (EWF) approach on a 
double-edge notched tension (DENT) specimen; Lth represents the theoretical, 
while Lreal denotes the real ligament length.

Fig. 5. Test setup for the determination of the interface fracture toughness, Πi, between the selected materials PETG and TPC; a0 represents the initial crack length.
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The exact positioning of the crack tip is particularly crucial for the 
validation of the H&H criterion, which, as mentioned, assumes a crack 
positioned at an interface, in contrast to the C&G criterion. Moreover, 
positioning the crack tip close to the interface offers the advantage of 
eliminating dynamic effects that may occur during crack propagation. 
However, in all cases, the initial crack length and the remaining spec
imen geometries were selected to meet the requirements stated in the 
standard [72], with 0.45 < a0/W < 0.55, where W (=10 mm) represents 
the specimen width.

Force and displacement measurements were conducted using a 
Zwick Z010 universal testing machine (ZwickRoell GmbH & Co. KG, 
Germany), with the testing procedure aligned with ASTM D5045 [72]. 
The force was measured using a 10 kN load cell (calibrated according to 
DIN EN ISO 7500-1 [60], class 0.5), and the local displacement was 
recorded using a macroXtens extensometer (ZwickRoell GmbH & Co. 
KG, Germany; calibrated according to DIN EN ISO 9513 [61], class 0.5). 
A 5 mm radius was chosen for the supports and fin. The support distance 
was maintained at 40 mm, as specified in the standard (4⋅W) [72]. The 
loading rate was set to 10 mm/min to maintain consistency with the 
other experiments. In total, three tests were performed for each IL 
thickness under laboratory conditions (23 ◦C and 50 % r.h.).

The experiments conducted are solely intended to validate the con
cepts. A calculation of the fracture toughness of multi-material FFF 
SENB specimens has been deliberately omitted in this case. The primary 
reason for this decision is the difficulty of obtaining a correct and 
acceptable evaluation. Strictly speaking, existing standards are only 
applicable to macroscopically homogeneous materials, and in
homogeneities, such as the compliant IL sandwiched between the stiff 
matrix, are not considered. Furthermore, to validate the mentioned 
criteria, evaluating this data is not necessary. Therefore, the discussion 
of the results in this case will be limited to a detailed analysis of the 
force-displacement curves and an examination, according to the stan
dard [72], of the nonlinearities as well as the size of the plastic zone, to 
draw conclusions about the prevailing stress state.

For crack progression detection (deflection or penetration), the 
previously mentioned DIC system was employed with the unchanged 
setup, as described above. It is important to note that only the direction 
of crack growth at the initiation stage is of interest. Since both criteria 
are based on LEFM, further crack progression is generally not of concern.

According to the C&G criterion, cracks should deflect if the ratio of 

σi/σm,IL < 0.2; otherwise, crack penetration through the compliant IL is 
expected. According to the H&H criterion, crack deflection is expected if 
the new recalculated ratio of Gd/Gp ≥ Πi/ΠIL. Otherwise, crack pene
tration is anticipated. Moreover, it should be noted that the transition 
models proposed by C&G and H&H are based on Mode I loading. In this 
study, Mode I tensile specimens were likewise used to determine the 
required bulk and interface properties. However, validation was per
formed using a bending test specimen, which introduces a slightly 
different crack tip loading condition (Mode I/Mode II). While this de
viation is not expected to significantly influence the results, it is 
mentioned here for the sake of completeness.

However, to ensure the significance of the validation tests and the 
predictions made by the criteria, it was stipulated that all three valida
tion tests must exhibit the same failure mechanism within a given IL 
thickness. If this is not the case, the results will be considered 
inconclusive.

3. Results and discussion

Before presenting and discussing the results regarding the suitability 
of the two investigated criteria for predicting the failure mode, all 
findings related to the mono-material and interface properties will be 
presented and analyzed in detail.

3.1. Examination of the C&G approach by means of mechanical testing

3.1.1. Mono-material strength testing
Fig. 7 presents the stress-strain diagrams of the two mono-materials, 

Matrix and IL, with one representative curve per material out of four 
sample runs (n = 4). In this respect, Table 1 summarizes the key me
chanical properties relevant to this study, such as Em, νm, and σm.

The stress-strain diagrams indicate that the two mono-materials 
exhibit different deformation behaviors under tensile loading in the x- 
direction. The matrix material has a higher Em and σm than the IL ma
terial. Additionally, a yield point followed by a cold drawing region and 
a slight onset of strain hardening is observed. The elongation at break is 
lower in comparison to the IL material.

The deformation behavior of the IL material corresponds to that of a 
typical thermoplastic elastomer [73], characterized by an initial linear 
behavior with a low Em, followed by a pronounced nonlinear 

Fig. 6. Experimental setup used for the validation of the criteria through single-edge notched bending (SENB) specimens with a detailed view of the notch position.
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hyperelastic behavior. Due to the elastomeric components within the 
TPC, the elongation at break is higher than that of the matrix material, 
whereas σm is lower.

Em values are 2076 ± 81 MPa and 97 ± 6 MPa for the matrix and IL 
material, respectively. Compared to the values reported in the manu
facturer’s datasheets (Section 2.1), the measured values for the IL ma
terial show good agreement. However, the data for PETG exhibit a 
significant deviation of approx. 600 MPa. This discrepancy can pri
marily be attributed to differences in printing parameters. While the 
presented data were obtained using the printing parameters presented in 
Section 2.2, the samples referenced in the datasheet [54] were printed 
with higher layer heights (0.2 mm) and printing speed (200 mm/s). Both 
parameters generally influence Em.

It is well known that a lower layer height increases mechanical 
properties such as Em and σm. This can be explained, e.g., by the reduced 
distance between the nozzle and the previously deposited strand. The 
shorter distance leads to higher pressure between the newly deposited 
and the pre-existing strand during printing. Additionally, this shorter 
distance promotes re-melting of the previously deposited strand, which 
enhances wetting, neck formation, and diffusion processes between in
dividual strands and layers [74]. Another advantage of lower layer 
heights, which contributes to improved mechanical properties, is the 
increased melt flow rate when all other printing parameters remain 
constant. This can reduce void formation between individual layers and 
strands [75,76]. Similarly, printing speed can significantly affect me
chanical properties. Higher printing speeds reduce the time available for 
adequate wetting, neck formation, and diffusion processes, which results 
in weaker interfacial bonding between individual strands and layers. 
The critical factor for this formation of interfacial bonding is the time the 
material remains above its glass transition temperature during strand 
deposition [20]. As demonstrated by Wang et al. [77], printing speed 
also has a strong influence on the macrostructure. Parts printed at higher 
speeds tend to exhibit larger voids, which has a detrimental effect on 
interfacial bonding.

However, the measured Em value for the IL material falls within the 
range specified in the manufacturer’s datasheet [55]. Due to the 

difference in the matrix material, the resulting Em ratio is approx. 21, 
compared to the previously mentioned theoretical ratio of around 16 
(Section 2.1). Furthermore, νm is 0.42 ± 0.01 and 0.49 ± 0.01 for the 
matrix and IL material, respectively. The σm values are 47.0 ± 0.5 MPa 
for the matrix material and 17.7 ± 0.4 MPa for the IL material. These 
values are specifically critical for assessing the predictive capability of 
the failure mode according to the C&G criterion.

3.1.2. Interface strength testing
Fig. 8 presents the results of the investigation into interface strength. 

In Fig. 8A, a representative (n = 3) stress-strain diagram for each 
Approach (1 and 2) is shown, along with a corresponding fracture sur
face. Fig. 8B presents a comparison of the σi values, with the corre
sponding data provided in Table 2.

Fig. 8A and Fig. 8B, as well as Table 2, indicate significant differences 
in σi, depending on the approach used. The fracture images in Fig. 8A 
reveal that in Approach 1, the fracture only partially occurred at the 
interface, whereas the fracture pattern of the bi-layer configuration 
appears more uniform, indicating that failure predominantly occurred at 
the interface. For this reason, the value of 6.7 ± 0.3 MPa from the bi- 
layer configuration is used in the subsequent evaluation of the C&G 
criterion to assess its suitability for predicting the failure mode.

Nevertheless, the question remains as to why the failure behavior 

Fig. 7. Representative stress-strain diagram for the matrix (PETG) and IL (TPC) 
mono-materials.

Table 1 
Results of the mono-material strength testing.

Em (MPa) νm (− ) σm (MPa)

Matrix 2076 ± 81 0.42 ± 0.01 47.0 ± 0.5
IL 97 ± 6 0.49 ± 0.01 17.7 ± 0.4

Fig. 8. Representative stress-strain diagram for the investigated Approaches 1 
(IL 0.3 and 0.8 mm) and 2 (bi-layer) with corresponding fracture surfaces (A); 
comparison of the different Approaches 1 and 2 concerning interface strength, 
σi, of the different sample configurations used (B).
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differs both visually and numerically. A possible explanation may lie in 
the printing approach used, in combination with the selected materials 
and sample configurations.

In Approach 1, the sample features a symmetrical design with two 
interfaces present (PETG to TPC – lower interface and TPC to PETG – 
upper interface, with respect to print direction and tensile direction), 
whereas in the bi-layer configuration (Approach 2), only a single 
interface (PETG to TPC) is present. When considering the viscosity dif
ferences of both materials at the applied printing temperature of 240 ◦C 
(Appendix A), variations in mechanical properties arise depending on 
which interface is examined. The IL material exhibits a roughly eight 
times higher melt flow rate (MFR) and thus a lower viscosity compared 
to the matrix material, which suggests that bonding is enhanced at this 
lower interface due to improved wetting and neck formation. Conse
quently, in Approach 1, failure does not occur at the lower interface but 
rather at the upper one. In contrary, the sample in Approach 2 offers 
only one significant weak point, the interface between PETG and TPC.

The slightly higher σi values obtained in Approach 1 can be attrib
uted to a mixed or out-of-plane failure between the IL and matrix ma
terial, which is not present in the bi-layer configuration. This mixed 
failure mode in Approach 1 could be linked to the operational charac
teristics of the 3D printer used. The printer functions by alternating 
filament extrusion rather than employing multiple print heads for multi- 
material printing. This setup not only extends the overall print time but 
also introduces the disadvantage of cooling between material changes, 
which can negatively impact the mechanical properties. Additionally, 

this printing method requires the use of a purge tower to remove re
sidual material from the nozzle during a material change. If this cleaning 
process is insufficient, the interface may not have a clear separation 
between the two materials, resulting in smearing or intermixing. 
Another aspect that must be considered is the fact that PETG, a material 
with a higher melting point and viscosity, is deposited onto a material 
with a lower melting point and significantly lower viscosity. This can 
result in further smearing of the TPC layers during PETG strand depo
sition. These effects resulting from the printing process are illustrated in 
Fig. 9. While the PETG to TPC interface shows a distinct separation of the 
materials (Detail A), the TPC to PETG interface appears irregular and 
smeared (Detail B). Such smearing can lead to a mixed failure mode, as 
observed in this study. On the one hand, higher forces are required to 
break the specimen, as failure occurs not only between two distinct 
printed layers but across multiple layers, including the breaking of 
strands in the z-direction. On the other hand, however, this intermixed 
region exhibits numerous irregularities and defects, which may lead to 
premature and unreliable failure under mechanical loading. From a 
testing perspective, the approach used in Approach 2 is preferable to 
Approach 1, as the primary objective is to determine the interface 
strength. This methodology or approach is also the one that is commonly 
used in the literature [45,78].

However, the stress-strain responses of the interface strength tests 
shown in Fig. 8A differ significantly from those of the mono-material 
strength test in Fig. 7. This discrepancy is primarily attributed to the 
orientation of individual strands and the load application within the 
tensile test. In the mono-material test, the load is applied along the 
strand deposition direction (x-direction), allowing the filaments to bear 
the forces, thereby making the bonding strength between individual 
strands and layers less significant. In contrast, during the interface 
strength tests, the load must be carried by the interfaces and their 
respective bonding strengths (z-direction), which often leads to more 
brittle failure, as demonstrated in various studies [27,79,80].

Table 2 
Results of the interface strength testing.

σi (MPa)

IL 0.3 mm 9.8 ± 0.5
IL 0.8 mm 7.2 ± 0.9
Bi-layer 6.7 ± 0.3

Fig. 9. Overview of the interfaces generated by the printing process used in Approach 1 for an IL thickness of 0.8 mm.
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3.2. Examination of the H&H approach by means of fracture mechanical 
testing

3.2.1. Determination of the transition value for crack deflection/crack 
penetration

Fig. 10 presents Gd/Gp as a function of α for single-sided (solid black 
line) and double-sided (blue dashed line) crack deflection. Additionally, 
the respective regions indicating whether crack deflection or crack 
penetration is expected, according to the H&H criterion, are marked.

Table 3 summarizes the results in terms of the recalculated transition 
values for the PS and PE conditions, differentiating between single- and 
double-deflecting cracks.

The data indicate that the calculated α value, in the case of PS con
ditions, of − 0.91 ± 0.05 is already at the boundary of the H&H plot, 
which can be attributed to the significant mismatch in Em of the inves
tigated materials. Therefore, the last calculated values from the plot 
were used (− 0.9), which should have only a minimal impact on the final 
predictions. For single crack deflection, the transition value to crack 
penetration is approx. 0.55, while for double crack deflection, it is 
around 0.38. Consequently, if single crack deflection occurs in the 
validation specimens, the ratio Πi/ΠIL should fall between 0.38 and 
0.55, according to the criterion. If the ratio exceeds this range, crack 
penetration is expected in the validation specimens, whereas a lower 
ratio suggests double crack deflection.

For the sake of completeness, Table 3 also includes the values for the 
PE condition, which are provided for comparison purposes only. These 
values are not considered in the subsequent evaluation of the H&H 
criterion, as the specimen thickness suggests a plane stress condition 
rather than a plane strain condition. The calculated α value in this case is 
− 0.92 ± 0.07. Consequently, the α values do not exhibit a significant 
difference depending on the stress state.

3.2.2. Mono-material fracture testing
Fig. 11 presents the force-displacement curves of the compliant IL 

material obtained from the EWF investigations, with one representative 
curve plotted per IL thickness and Lth out of three sample runs (n = 3). 
Additionally, specific markers (P1 to P5 for a specimen thickness of 0.3 
mm and D1 to D5 for a specimen thickness of 0.8 mm) are highlighted on 
the force-displacement curve for Lth = 15 mm. These markers illustrate 
the crack propagation within the compliant DENT specimen as 
displacement increases.

The force-displacement curves indicate that the force level required 
for plastic deformation in the process zone and crack propagation in the 
fracture zone is approx. Three times higher for a specimen thickness of 
0.8 mm compared to 0.3 mm. Furthermore, independent of the thick
ness, the curves exhibit self-similarity with varying Lth, which is a 
requirement for result validity as outlined in Ref. [64]. It is also evident 
that the printed specimens used in this study cannot be directly 
compared to homogeneous bulk materials and their characteristic 
curves, as shown, e.g., in Ref. [81]. This is due to inherent process- 
related variations in FFF, which inevitably influence the micro- and 
macrostructure of the specimens. In particular, the orientation of the 
strands relative to the initial, along with the resulting microstructure, 
plays a crucial role in the fracture behavior of FFF specimens. This has 
been demonstrated in studies by, e.g., Verma et al. [82] on ABS and 
Lorenzo-Bañuelos et al. [83] on polypropylene (PP) specimens. In the 
latter, variations in failure modes were observed in 0◦-oriented PP 
samples, with particular emphasis on fluctuations in the printing process 
as a contributing factor. Similarly, Zhang et al. [84] reported compa
rable findings in polyether-ether-ketone (PEEK), highlighting the sig
nificance of crack tip positioning in 0◦-oriented samples. Their research 
indicates that the crack tip position at an interface can influence fracture 
behavior and introduce scatter in the results. However, a separation of 
adjacent strands as described in these studies did not occur visibly in the 
investigations on TPC samples used in this study, which can partly be 
attributed to the low porosity (~1 %) of the printed samples (Appendix 
A.2).

Another requirement for obtaining valid results using the EWF 

Fig. 10. H&H plot for the determination of the transition values between crack deflection and penetration under the assumption of tensile load. Ratio of the energy 
release rate for a deflecting and penetrating crack, Gd/Gp, as a function of the first Dundurs parameter, α.

Table 3 
Overview of the calculated transition values from the H&H plot.

Required mechanical properties from mono-material strength testing

​ IL Matrix
Em (MPa) 97 ± 6 2076 ± 81
νm (− ) 0.49 ± 0.01 0.42 ± 0.01

Calculated Dundurs parameter for different stress states

Stress state PS PE
α (− ) − 0.91 ± 0.05 − 0.92 ± 0.07

Calculated transition values for different stress states

Gd/Gp (− ) Single crack deflection Double crack deflection
PS 0.55 0.38
PE 0.55 0.38
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method is that the unnotched ligament must yield before crack onset 
occurs [64]. This requirement ensures that the fracture mechanism re
mains consistent regardless of Lth. In the investigated material, identi
fying such yielding prior to crack onset is challenging due to the 
material’s white pigmentation. At positions P2 and D2 (corresponding to 
the force maxima of the curves), the formation of a plastic zone is 
already apparent. However, complete yielding of the ligament is only 
observed at P3 and D3. Notably, this is also the point at which the first 
crack propagation is detected. This suggests that, for the examined 
material, full plasticization of the unnotched ligament and crack onset 
occur almost simultaneously. A similar behavior was also observed, e.g., 
by Rink et al. [81] in thin PETG films.

Fig. 12 presents wsf as a function of Lreal for the two different spec
imen thicknesses, 0.3 and 0.8 mm. The results of the investigation are 
summarized in Table 4. The findings indicate that ΠIL does not exhibit a 

statistically significant difference within a 95 % confidence interval, 
regardless of specimen thickness. The values of 41.50 ± 14.80 kJ/m2 

and 40.13 ± 2.69 kJ/m2 for IL thicknesses of 0.3 and 0.8 mm, respec
tively, fall within a similar range. However, a notably higher scatter in 
ΠIL is observed for the 0.3 mm specimen thickness, which is confirmed 
by the lower coefficient of determination (r2 = 0.6893). Additionally, 
the slope of the regression line (β⋅wp) is slightly higher, although not 
statistically significant. This increased variation in values may be 
attributed to geometric constraints associated with thinner specimens. 
Furthermore, process-induced fluctuations during printing cannot be 
ruled out, as such variations tend to have a more pronounced effect on 
measurement results in thinner specimens than in thicker ones. Small 
defects in thinner samples can have a greater impact on fracture testing 
outcomes than their effect in thicker specimens. To give an example, 
Maspoch et al. [85] demonstrated in poly(ethylene terephthalate) (PET) 
bulk films that thickness generally influences the slope of the regression 
line rather than ΠIL.

To assess the plausibility of the obtained values for TPC, relevant 
studies mentioned in this section were reviewed and used as reference 
points. Verma et al. [82] reported a fracture toughness value of 6.9 ±
1.38 kJ/m2 for 1 mm thick ABS samples printed with 0◦-orientation. 
Lorenzo-Bañuelos et al. [83] measured approx. 35.1 kJ/m2 in 0.5 mm 
thick, 0◦-oriented printed PP samples. Sharma et al. [86] determined a 
fracture toughness of 32.1 kJ/m2 in 0.5 mm thick, 0◦-oriented PEEK 
specimens. Similarly, Zhang et al. [84] applied the EWF approach to 0.5 
mm thick, 0◦-oriented PEEK samples and obtained a value of 12.17 ±
0.50 kJ/m2. The variations in fracture toughness between these two 
PEEK studies may be attributed to differences in the PEEK manufacturer, 
the 3D-printer used, and specific printing parameters. Additional 

Fig. 11. Force-displacement curves for different theoretical ligament lengths (Lth) of the mono-material fracture tests shown for the two specimen thicknesses 
investigated (0.3 and 0.8 mm). The points P1-P5 and D1-D5 indicate fracture and plastic zone formation with increasing sample deformation.

Fig. 12. Specific fracture energy (wsf) as a function of the real ligament length 
(Lreal) for the two investigated TPC thicknesses, 0.3 and 0.8 mm.

Table 4 
Results of the mono-material fracture testing.

Specimen thickness (mm) ΠIL (kJ/m2) β⋅wp (MJ/m3) r2

0.3 41.50 ± 14.80 9.93 ± 2.01 0.6893
0.8 40.13 ± 2.69 8.32 ± 0.31 0.9826
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fracture toughness values for polymer bulk materials, which are not 
directly related to FFF, can be found in [87]. Notably, the fracture 
toughness of materials such as linear low-density polyethylene (LLDPE) 
or ethylene-(vinyl acetate) copolymer (EVOH) falls within the same 
range as the TPC values determined in this study. Moreover, the values 
are also in close agreement with those reported by Lee et al. [88], who 
investigated various commercially available thermoplastic elastomers. 
Depending on the material type, the degree of molecular orientation 
resulting from the injection molding process, and the orientation of the 
initial crack relative to this alignment, they reported values ranging 
from around 34 to 71 kJ/m2.

3.2.3. Interface fracture testing
Fig. 13 presents the force-deformation curves, with one representa

tive curve for each IL thickness (0.3 and 0.8 mm) out of three sample 
runs (n = 3). From the diagram, it is evident that regardless of the IL 
thickness, the curves initially exhibit a linear increase. This initial in
crease is interrupted at around 0.2 to 0.3 mm of deformation by a 
discontinuity, which can be attributed to the detachment of the 
remaining Kapton film, which served as the initial pre-crack. Following 
this, the curves continue to increase linearly until Fc (Marker 1) is 
reached, indicating the point of crack initiation. Around this critical 
force, the curve starts to deviate from linear behavior, reaches a 
maximum force (Fmax; Marker 3), and thereafter decreases. Marker 2 in 
the force-deformation curves represents the force value at which the first 
crack propagation was detected by DIC (Fc, optical). Consequently, at 
around Fc, crack blunting occurs along with the first signs of damage in 
the process zone surrounding the crack tip. The small area between Fc 
and Fc, optical marks the onset of crack growth. Interestingly, the initial 
portions of the curves are identical, suggesting that differences in IL 
thickness do not significantly influence stiffness at this stage. However, 
substantial differences in the curve progression beyond Fc and Fc, optical 
indicate variations in crack blunting and subsequent crack propagation. 
These findings align well with the results reported by Pakhare et al. [49] 
in their studies on ABS/TPU/ABS DCB specimens.

One notable discrepancy, not addressed in their study and for which 
no supporting evidence is stated, is the delamination of the matrix ma
terial from the IL material at the second, non-cracked interface (TPC to 
PETG), which was consistently observed at Fmax across all specimens. 
The underlying causes for this phenomenon are manifold and, as pre
viously discussed in the interface strength analysis, are likely attribut
able to the chosen printing technique in combination with viscosity 
differences between the materials. Fig. 14 shows the fracture surface of 
PETG to TPC, as well as the partially detached TPC to PETG interface of 

the specimens for IL 0.8 mm. The PETG to TPC interface appears rela
tively smooth, with no visible TPC residues, reflecting a clean deposition 
of the TPC strands onto the PETG layer during the printing process. In 
contrast, the TPC to PETG interface exhibits TPC residues, which, as 
already discussed in Section 3.1.2 (Fig. 9), can be attributed to inter
mixing of the two materials during the printing process. However, this 
experiment reveals a difference in the interfacial bond strength of the 
two interfaces, similar to the results previously presented in Section 
3.1.2. Despite the intermixing of both materials, the TPC to PETG 
interface appears to exhibit lower bond strength than the PETG to TPC 
interface. This suggests that such intermixing tends to generate irregu
larities and, consequently, defects rather than improving the bond 
strength among the selected materials and printing technique. In gen
eral, however, it has been observed that bond strength increases with 
greater contact area [45,89,90], and that material intermixing at in
terfaces can, in some cases, have a positive effect on interfacial bond 
strength [91].

Nonetheless, this occurrence is not expected to affect the overall 
findings, as crack initiation occurs before reaching Fmax in both cases. 
Further crack growth is not of primary relevance to the scope of this 
study. However, with a focus on crack initiation, it should be noted that 
this phenomenon strongly depends on the selected material pairing as 
well as on the chosen printing parameters, which in turn determine the 
size and shape of defects and voids within a printed structure [92]. In 
this study, the porosity of the individual printed structures is generally 
very low, amounting to 4.0 ± 0.5 % for PETG and 1.0 ± 0.1 % for TPC 
(Appendix A.2), which can be attributed primarily to the printing pa
rameters used. This naturally affects both interlayer and intralayer 
bonding strength, and consequently, the fracture toughness of interfaces 
within a single material as well as between dissimilar materials, since 
the size and morphology of voids can induce varying stress concentra
tions [93]. In the present case, the interface involves dissimilar mate
rials. Due to the low viscosity of TPC, it can easily flow between the 
deposited PETG strands, thereby promoting good wetting. Upon crack 
initiation and subsequent crack propagation, the two materials must be 
separated, which requires a certain amount of force that may also vary 
depending on the material combination and printing parameters, as 
demonstrated, e.g., by Altuntas et al. [94] for PLA/TPU.

Table 5 presents the results of the interface fracture tests. The data, as 
well as Fig. 13, indicate that Fc increases with increasing IL thickness, 
rising from 74.1 ± 3.4 N for 0.3 mm to 88.1 ± 5.2 N for 0.8 mm. This 
trend is largely consistent with observations reported in the literature 
[95]. The values of Πi differ significantly (95 % confidence interval). 
Specifically, Πi for an IL thickness of 0.3 mm is 0.37 ± 0.04 kJ/m2, 
whereas for 0.8 mm, it is 0.61 ± 0.01 kJ/m2, corresponding to an in
crease of approx. 65 %, highlighting the dependence of Πi on IL thick
ness on a macroscopical scale. This increase can primarily be attributed 
to the enlargement of the process zone around the crack tip, which en
hances energy dissipation. However, it is important to note that Πi 
cannot increase indefinitely with the IL thickness. As demonstrated in 
Ref. [49, 96], an optimal IL thickness may exist, beyond which Πi may 
begin to decrease with further thickness increases.

Despite this, Πi between PETG and TPC remains relatively low 
compared to ΠIL of pure TPC. Although both materials share a similar 
chemical base, differences in, e.g., morphology (amorphous vs. semi- 
crystalline) can lead to limited compatibility, which is reflected in the 
low Πi values. Furthermore, it should be noted that the crack tip radius, 
influenced by the thickness of the film, is slightly larger than that 
typically observed using traditional crack introduction methods [97], 
potentially affecting Πi values and limiting direct comparability with 
literature data. Nevertheless, compared to other MMAM material com
binations, the values obtained in this study seem plausible. For instance, 
Πi for PLA/TPU is approx. 0.048 ± 0.01 kJ/m2 [46], for PLA/Nylon it 
varies between 0.036 and 0.135 kJ/m2, depending on printing tem
perature, build platform temperature, printing speed, layer height, and 
orientation [47]. Additionally, ABS/TPU, depending on the thickness of 

Fig. 13. Force-displacement curves from interface fracture testing for the two 
investigated IL thicknesses (0.3 and 0.8 mm).
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the compliant TPU layer, exhibits Πi values ranging from approx. 0.389 
± 0.074 kJ/m2 to 0.763 ± 0.139 kJ/m2 [49].

3.3. Multi-material fracture testing and accuracy of failure mode 
prediction

In Fig. 15, the force-displacement curves from the multi-material 
fracture tests are presented, with one representative curve shown for 
each IL thickness (n = 3). The corresponding results for Fc, optical, and 
Fmax are summarized in Table 6.

As evident from the force-displacement curves of both IL thicknesses, 
the initial response is more or less similar; however, deviations occur 
after reaching Fc, optical (marked as 1) for IL 0.3 mm. The values of Fc, 

optical at marking 1 differ significantly between the two IL thicknesses. 
Similar to the interface fracture tests, crack initiation occurs earlier for 
IL 0.3 mm than for IL 0.8 mm, by approx. a factor of two, which is 
primarily attributed to the lower Πi. However, it is important to note 
that Fc, optical from Fig. 15 and Fig. 13 are not directly comparable due to 
differences in the induced stress state. Regardless of IL thickness, the 
force continues to increase after crack initiation. Ultimately, Fmax 
(Marker 2) is higher for IL 0.3 mm compared to IL 0.8 mm, before 
decreasing, leading to test termination at around 7 mm deformation due 
to the strong bending of the samples with continuous deformation. The 
difference in Fmax is primarily due to the larger residual ligament in IL 

Fig. 14. Side view of the DCB sample with an IL thickness of 0.8 mm after reaching Fmax and the resulting fracture surfaces of the two interfaces, PETG to TPC and 
TPC to PETG, obtained.

Table 5 
Results of the interface fracture testing.

Fmax (N) Fc, optical (N) Fc (N) Πi (kJ/m2)

IL 0.3 82.4 ± 1.8 76.8 ± 1.7 74.1 ± 3.4 0.37 ± 0.04
IL 0.8 106.5 ± 7.7 95.4 ± 5.6 88.1 ± 5.2 0.61 ± 0.01

Fig. 15. Force-displacement curves from multi-material fracture testing for the 
two investigated IL thicknesses (0.3 and 0.8 mm). The black arrows indicate a 
test termination.

Table 6 
Results of the multi-material fracture testing.

Fmax (N) Fc, optical (N)

IL 0.3 313.6 ± 3.8 122.3 ± 6.6
IL 0.8 259.6 ± 0.9 228.2 ± 1.3
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0.3 mm. As described in the experimental section, the IL was positioned 
0.4 mm away from the printed notch (PETG to TPC interface) for both 
thicknesses, with the IL thickness varying from this reference point. 
Consequently, IL 0.3 mm results in a thicker remaining ligament of the 
matrix material, leading to higher Fmax values. Nevertheless, similar to 
the interface fracture tests, the propagation path of the crack through 
the specimen is of minor relevance. The critical aspect in this context 
remains the crack initiation step. At this point, it should be noted that 
the assessment of the applicability of LEFM, following the standard [72], 
revealed that the results, as expected, do not satisfy the linearity crite
rion, nor do they exhibit the formation of a sufficiently small plastic zone 
due to the compliant IL. The latter further indicates that the specimens 
used are more likely to exhibit a plane stress rather than a plane strain 
condition. This is of particular relevance, as the use of thicker specimens 
or alternative geometries with higher constraints and stress triaxiality 
could lead to different outcomes regarding force-displacement response 
and potentially failure modes [98].

Regardless of IL thickness, crack deflection, more specifically, 
double-sided crack deflection, was observed in all tested specimens. This 
phenomenon now requires evaluation based on the investigated criteria 
(C&G and H&H). Table 7 summarizes all relevant values necessary for 
calculating the ratios for the C&G and H&H criteria. Additionally, the 
transition values from crack deflection to crack penetration for each 
criterion are listed, along with an indication of whether they align with 
the observed crack propagation behavior in the validation specimens.

With respect to the C&G criterion, it is evident that, regardless of IL 
thickness, the criterion does not match the initial crack path. The 
calculated ratio σi/σm,IL is approx. Twice the proposed transition value 
of 0.2. Consequently, the C&G criterion would predict crack penetration 
in the validation specimens, whereas crack deflection was observed in 
the experiments. This suggests that the C&G criterion may not be suit
able for reliably predicting crack propagation under the given 
conditions.

In contrast, the H&H criterion exhibits agreement in both cases. The 
determined ratio for both IL thicknesses is well below the computed Gd/ 
Gp threshold for both single-sided (0.55) and double-sided (0.38) crack 
deflection. This indicates that the H&H criterion seems to be more 
suitable for predicting failure mode than the C&G criterion. However, it 
should be noted that a definitive statement regarding the reliability of 
the determined threshold cannot be made, as the calculated ratio of Πi/ 
ΠIL falls significantly below the proposed threshold values of 0.55 and 
0.38, respectively.

In previous studies [21,22], it was shown that in mono-materials, the 
stress-based C&G criterion consistently provided good agreement be
tween different materials (PETG, PMMA, PLA), varying printing pa
rameters (layer height, orientation, and print temperature), and the 
failure modes observed in validation specimens. A notable exception 
was PETG at very slow strain rates (0.1 mm/min), where no agreement 
was observed. The authors attributed this deviation to the increasing 
nonlinearity and the formation of a large plastic zone around the crack 
tip, which violated the fundamental assumptions of LEFM [21], for 
which the C&G criterion was originally developed [31]. The present 
study seems to confirm these assumptions. Given the high nonlinearity 

coupled with the low stiffness of the specimens, the C&G criterion does 
not appear to be sufficient for accurate failure prediction. The H&H 
criterion was also investigated in a previous study [22] for different 
materials (PETG, PMMA, and PLA). However, unlike the C&G criterion, 
it did not align with the validation specimens, although the computed 
values were often close to the transition value. Possible reasons for this 
discrepancy were attributed to nonlinearity as well as the complexity of 
crack tip positioning. In the case of the PETG/TPC combination, where 
the H&H criterion appears to be valid, accurate crack positioning plays a 
crucial role. Unlike the C&G criterion, the H&H criterion explicitly re
quires that cracks initiate precisely at an interface, from where the crack 
either penetrates the interface and subsequent layers or deflects into the 
interface. In this study, this aspect was deliberately considered in the 
experimental setup to provide a meaningful comparison between the 
two criteria. The results indicate that crack tip positioning seems to be a 
critical factor in the applicability of the H&H criterion. However, to 
substantiate this observation, further validation using alternative ma
terial pairings is essential, particularly those in which the fracture me
chanical properties of the bulk and the interface are more closely 
aligned. Due to the large disparity in the measured Π values in this 
study, it remains difficult to assess whether the H&H criterion can 
reliably predict the failure mode under the used conditions.

The key question arising from these new supplementary findings, in 
addition to the previously conducted studies [21,22], is how they might 
be utilized to predict the failure mode in FFF-printed material combi
nations (homogeneous and heterogeneous) based on simple character
ization methods. From previous investigations, the C&G model appears 
to be better suited for predicting the failure mode of homogeneous 
material combinations, provided that the fundamental assumptions of 
LEFM (limited nonlinearity and small plastic zone formation around the 
crack tip) are fulfilled or at least closely fulfilled. Significant deviations 
from LEFM can lead to incorrect predictions [21,22]. Furthermore, 
precise crack positioning (whether at an interface or not) is of lesser 
importance, making the C&G criterion more applicable to real-world 
scenarios. Another advantage is the straightforward characterization 
methodology, which relies solely on simple tensile tests. The H&H cri
terion, on the other hand, appears to be more suitable when non
linearities play a dominant role. However, it seems essential to ensure 
that the crack has already impinged on an interface, which is less 
representative of real-world applications. Additionally, the H&H crite
rion requires the use of fracture mechanics-based methods, which 
generally involve greater complexity and experimental effort compared 
to simple stress-based approaches. In both cases, it should be noted that 
there is no clear evidence indicating whether the transition thresholds 
proposed by C&G and H&H for polymeric materials accurately represent 
actual transition points. Consequently, their suitability for reliably 
predicting failure modes in such materials remains uncertain.

Finally, it is important to highlight the limitations of the applied 
criteria within the scope of this study. The methods investigated here are 
based exclusively on monotonic loading and therefore do not have 
general validity for fatigue, creep loading, or other time-dependent 
failure mechanisms. The same applies to environmental and tempera
ture influences, which can significantly affect the mechanical behavior 

Table 7 
Results of the investigations carried out to predict the failure mode using C&G and H&H.

Required values – C&G

​ IL (mm) σm,IL (MPa) σi (MPa) σi/σm,IL (− ) Transition value (− ) Match (✓/✘)

C&G
0.3

17.7 ± 0.4 6.7 ± 0.3 0.38 ± 0.02 0.2
✘

0.8 ✘
Required values – H&H

​ IL (mm) ΠIL (kJ/m2) Πi (kJ/m2) Πi/ΠIL (− ) Transition value Gd/Gp (− ) Match (✓/✘)

H&H 0.3 41.5 ± 14.0 0.37 ± 0.04 0.009 ± 0.003 0.55/0.38* ✓
0.8 40.1 ± 2.69 0.61 ± 0.01 0.015 ± 0.001 ✓

* 0.55 for single and 0.38 for double deflecting cracks.

C. Waly et al.                                                                                                                                                                                                                                    Theoretical and Applied Fracture Mechanics 141 (2026) 105251 

15 



of polymeric materials. Moreover, the material selection and the inter
face characteristics play a crucial role in determining the failure mode. 
In FFF-printed structures, interface properties can be deliberately 
tailored through processing parameters or material selection, allowing 
for a certain degree of failure mode control. In contrast, multi-layered 
structures manufactured using traditional processing techniques often 
exhibit stronger interfaces than their FFF-fabricated counterparts. The 
failure behavior of such strongly bonded interfaces can be highly com
plex, as e.g. demonstrated by Wiener et al. [99] in a particle-reinforced 
PP/soft PP system or by Schwaiger et al. [100] in a bio-based epoxy resin 
system. However, to the best of the authors’ knowledge, no conclusive 
evidence from previous studies is available on the crack deflection 
versus penetration phenomenon in these cases. As a result, the direct 
applicability of the investigated concepts is limited, and their relevance 
is largely confined to the PETG/TPC material combination, specifically 
in the context of the FFF process. As the results indicate, the properties of 
the two existing interfaces differ due to the manufacturing process and 
the varying viscosities of the materials. Consequently, the findings 
presented in this study are only valid once the crack has reached the 
PETG to TPC interface and propagates from that point under increasing 
load. For the upper interface, from TPC to PETG, which appears to be 
weaker, the values determined in this study are therefore not directly 
transferable.

4. Summary and conclusion

The investigations presented in this study aim to evaluate the 
applicability of two established criteria from the literature, those pro
posed by Cook & Gordon (C&G) and He & Hutchinson (H&H), for pre
dicting the failure mode of multi-material structures produced via fused 
filament fabrication (FFF). Glycol-modified poly(ethylene tere
phthalate) (PETG) was used as the stiff matrix material, while a 
compliant thermoplastic elastomer based on copolyester (TPC) served as 
the interlayer (IL). Two different IL thicknesses, 0.3 and 0.8 mm, were 
examined. To assess the C&G criterion, tensile strengths of both mono- 
material and multi-material specimens were measured to determine 
the strength of the mono-materials (σm) and interface strength (σi) in the 
multi-material configuration. For the H&H criterion, the for the pre
diction required material parameters were obtained using two ap
proaches: the essential work of fracture (EWF) method to determine the 
IL fracture toughness (ΠIL), and a stiffness drop technique combined 
with a finite element model employing the J-integral method to quantify 
the interface fracture (Πi) toughness between PETG and TPC. The vali
dation of the results was ultimately performed using single-edge notched 
bending (SENB) specimens. However, it should be noted that this study 
does not aim to provide an extensive material characterization but 
rather focuses on evaluating the suitability of the two criteria for failure 
mode prediction, for which the extent of the investigations is deemed 
sufficient.

The mono-material tensile tests revealed that the two materials 
exhibit distinctly different deformation behaviors. The matrix material 
exhibited higher stiffness and strength, along with a yield point and cold 
drawing behavior, while the IL material exhibits a hyperelastic response 
typical of thermoplastic elastomers, with lower stiffness and strength, 
but substantially higher elongation at break. For the determination of σi, 
two different approaches (Approach 1 and Approach 2) were applied. In 
Approach 1, the compliant IL was printed between layers of the matrix 
material. In Approach 2, bi-layer specimens were produced, containing 
only a single interface. The results indicate that Approach 1 is unsuitable 
for a reliable evaluation of σi, as it was prone to out-of-plane failure 
mechanisms arising from process-induced effects and a notable viscosity 
mismatch between the materials. In contrast, Approach 2 yielded 
consistent interfacial failure, allowing for the extraction of a represen
tative σi value. The results for determining ΠIL using the EWF method 
indicate an independence of the IL thickness. Conversely, Πi seems to 
exhibit a dependence on IL thickness at least on a macroscopic scale, 

with increasing values observed at higher thicknesses. This behavior was 
primarily attributed to the enlargement of the process zone around the 
crack tip, which facilitates increased energy dissipation during the crack 
initiation process.

Overall, the findings revealed that the C&G criteria do not accurately 
predict the observed failure behavior under the given conditions. 
Despite being widely applicable to homogeneous polymeric materials in 
previous studies [21,22], its stress-based formulation does not account 
for the significant nonlinearity coupled with eventually large plastic 
zone sizes present in the PETG/TPC system, resulting in incorrect failure 
mode predictions. Addressing this challenge through innovative ap
proaches, such as the “equivalent material concept” [101] or the 
“fictitious material concept” [102] could be a promising direction for 
future work. These methods may enhance the predictive capability for 
material combinations whose properties deviate significantly from 
linear-elastic behavior. However, in contrast to the C&G criteria, the 
H&H criteria showed good agreement with the experimental observa
tions. For both IL thicknesses, the computed toughness ratio (Πi/ΠIL) 
remained well below the theoretical thresholds for crack deflection/ 
penetration. However, due to the pronounced mismatch in fracture 
properties and the considerable deviation from the proposed threshold, 
the general applicability of the H&H criteria remains uncertain. 
Nevertheless, its foundation in fracture mechanics offers a more realistic 
representation of real-world failure behavior compared to the strength- 
based method, provided that the challenge of precise crack tip posi
tioning at the interface is properly addressed.

For the sake of completeness, both criteria are limited in scope. Their 
applicability is confined to monotonic loading and does not extend to 
fatigue, creep, or environmental effects. Furthermore, bonding strength 
in FFF structures is highly dependent on process parameters and mate
rial selection, and may differ significantly from conventionally manu
factured multi-layered systems. Furthermore, the question arises 
regarding the transferability of the concepts from a specimen level to a 
real component, which at the very least requires comparable stress states 
in order to ensure reliability in practical application. As shown, several 
open questions remain at this stage that should be addressed in future 
works to improve the understanding of crack deflection and penetration 
in polymeric materials. To date, the validity of the presented results is 
limited to the PETG/TPC material combination.
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Appendix A

A.1. Melt flow rate (MFR) determination

The MFR of both materials, PETG and TPC, was measured using a CEAST Modular Melt Flow Tester, model 7023.003 (CEAST S.p.A., Italy), 
following EN ISO 1133-1:2022, Method A [103]. Prior to testing, the filaments were cut into approx. 5 mm long pieces, pre-dried as described in 
Section 2.1, and then placed into the preheated barrel of the extrusion plastometer at 240 ◦C, corresponding to the nozzle temperature used in the FFF 
process. The material was compacted and conditioned for 4 min. After preheating, a 2.16 kg load was applied on top of the piston. The mass of in
dividual extrudates, extruded through a standard die with a length of 8 mm and an internal diameter of 2.095 mm, was measured using an AG204DR 
analytical balance (Mettler Toledo GmbH, Austria). The reported MFR values are expressed in g/10 min and represent the average of at least five 
measurements.

An MFR of 10.6 ± 0.6 g/10 min was determined for PETG, whereas a significantly higher MFR of 84.0 ± 1.4 g/10 min was measured for TPC. These 
differences in MFR indicate a disparity in viscosity and, consequently, in the flow behavior of the two materials under comparable processing con
ditions during strand deposition in FFF. The lower viscosity of TPC suggests enhanced wetting behavior during filament deposition, regardless of 
whether the previously deposited strand material is similar (TPC) or dissimilar (PETG).

A.2. Porosity determination

To gain insights into the actual cross-sectional area of the printed specimens, density measurements were performed according to Archimedes’ 
principle, as specified in DIN EN ISO 1183 [104]. The measurements were carried out using a laboratory balance (AG 204 Delta Range, Mettler-Toledo 
AG, Switzerland) with distilled water as immersion fluid. Based on the measured densities, the porosity was then calculated using Eq. (A1): 

Porosity in% =
ρFilament − ρFFF

ρFilament
• 100% (A1) 

where ρFilament represents the density of the neat PETG/TPC filament, and ρFFF corresponds to the density of a printed structure. For this purpose, 
specimens of approx. (5 × 10 × 6) mm3 were extracted from the tensile test specimens described in Section 2.3.2 (Approach 2), for both PETG and TPC. 
In total, three measurements were conducted for each filament and each printed PETG/TPC structure.

Under the printing conditions described in Section 2.2, the porosity was determined to be approx. 4.0 ± 0.5 % for PETG and 1.0 ± 0.1 % for TPC. 
The PETG result is in good agreement with previous measurements reported in Ref. [22]. The low porosity of TPC can essentially be explained by its 
high MFR and the associated low viscosity, which promotes during the strand deposition a more homogeneous and denser structure.

Data availability

Data will be made available on request.
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[90] J. Kluczyński, L. Śnieżek, A. Kravcov, K. Grzelak, P. Svoboda, 
I. Szachogłuchowicz, O. Franek, N. Morozov, J. Torzewski, P. Kubeček, The 
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