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Abstract
The present work is aimed at studying the influence of the deposition strategy on the fracture toughness behavior of the inter-
layer zone of fused deposition modeling (FDM) 3D-printed parts. Double cantilever beam (DCB) specimens were produced 
and tested following recognized testing protocols to capture the fracture toughness behavior. The tested conditions involved 
linear patterns with monodirectional and alternate infill strategies. The difference in the mechanical behavior of the samples 
was crossed with optical microscopy observations that also enabled the precise quantification of the effective bonding area 
between consecutive layers. The results indicated that the deposition pattern dramatically influenced the fracture toughness 
behavior of these components. Monodirectional deposition strategies involved a fracture toughness within 0.75 and 2.4 kJ/m2 
for 0° and 90° raster angles, respectively. On the other hand, the fracture toughness of samples manufactured with alternate 
deposition strategies more than doubled the values mentioned above, being 2 kJ/m2 and 3.9 kJ/m2 for 0/90° and ±45° depo-
sition strategies, respectively, significantly affecting the failure mode as well. These differences become even more evident 
if the effective bonding area between consecutive layers is considered.

Keywords  Mechanical behavior · Fused deposition modeling · Additive manufacturing · Fracture toughness · Interlayer 
bonding · Interlayer adhesion

Abbreviations
a	� Pre-crack length
a0	� Initial pre-crack length
b	� Specimen width
BT	� Beam theory
C	� Ratio between the load point displacement and the 

applied load
DCB	� Double cantilever beam
E11	� Elastic module along the specimen direction
FDM	� Fused deposition modeling
GIC	� Critical energy release rate
h	� Specimen overall thickness
MBT	� Modified beam theory
P	� Applied load
t	� Distance between the loading block and the mid-

plane of the first substrate
δ	� Machine crosshead displacement

1  Introduction

Additive manufacturing (AM) is catching on as a new and 
promising technology that may produce final components 
or prototypes with complicated geometry while overcoming 
the constraints imposed by traditional fabrication methods. 
According to the requirements of each application, the AM 
techniques offer a wide range of materials and machines, 
excellent design freedom, and minimal fixed costs [1, 2]. 
Due to its proven benefits, FDM is a versatile subset of the 
existing AM methods for creating polymer components. To 
generate the finished product, layers of polymer filaments 
are deposited in a way to create a predetermined repetitive 
pattern. These filaments are heated up to a temperature at 
which they either become viscous or melt, at which point 
they are extruded from a nozzle. One of the most significant 
benefits of this technology is the ability to build items using 
a variety of engineered polymers, such as polycarbonate 
(PC) [3] or polyamide (PA) [4], techno-polymers such as 
polyetheretherketone (PEEK) [5], polyethyleneimine (PEI) 
[6], and polyaryletherketone (PAEK) [7], or even polymers 
reinforced with short or continuous fibers [8–10]. Given 
recent developments, FDM is scalable since it allows for 
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the fabrication of objects of any size, which helps to meet 
the criteria for a more extensive circular economy.

Despite the benefits of these techniques, a lot of work 
is put into identifying and improving the features of AM 
products connected to the processing circumstances [11, 
12]. These factors mainly involve the repeatability of the 
deposition conditions and the minimization of defects, such 
as pores and voids, the lack of adequate adhesion between 
the deposited layers, and shrinkage and warpage related to 
the heat cycles involved. All these issues might result in a 
difference in mechanical behavior between the designed and 
manufactured products since they emerge at different scales, 
from micro to macro. As a result, various investigations 
explored the correlation between the deposition features of 
AM components’ mechanical behavior [5–14]. The majority 
of these works focus on tensile [8], tensile and flexural [9], 
or even indentation [13, 14], combined non-destructive and 
tensile tests [10], and compressive [12] to gain a thorough 
understanding of how manufacturing parameters affect the 
damage mechanisms that are being introduced.

The raster angle, formed by the direction in which the 
raster is deposited and the direction in which it is being 
loaded, significantly impacts the mechanical behavior of 
FDM parts. When applied along it, the raster bears the 
load (raster angle of 0°), and the sample exhibits mechani-
cal behavior resembling to injection-molded components 
[15]. The sample shows lower strength and lower elonga-
tion at break, which implies a more brittle behavior when 
the load is applied transversely to the raster (raster angle of 
90°). This circumstance causes the bond surface between 
the filaments to become loaded, which worsens the related 
mechanical properties. As a result, these components exhibit 
significant anisotropy. The mechanical behavior along the 
building direction (z-direction) cannot be improved this way, 
even though planar anisotropy can be reduced by switching 
between layers with various orientations. This has moti-
vated numerous researchers to use an integrative approach 
to examine interlayer adhesion. This field has encountered 
a variety of strategies:

•	 Analysis of the FDM parameters’ effects on interlayer 
adhesion: this field of research is aimed at understanding 
how the process parameters affect adhesion and identify-
ing potential interactions between the process parameters 
with the ultimate aim of identifying the ideal processing 
conditions that maximize the interlayer bond;

•	 Post-processes: this field focuses on figuring out how to 
modify the build component to increase the interlayer 
bonding (for example, by encouraging intermolecular dif-
fusion or by raising the crystallinity in semicrystalline 
polymers);

•	 Mechanical characterization: by recording the actual 
behavior of the interlayer bond, this area is aimed at 

choosing the best characterization tests. This would ena-
ble forecasting a component’s mechanical characteristics 
for use in structural design.

There has been a significant advancement in the third 
field of inquiry. The testing procedures, including those in 
the area of characterizing the interlaminar fracture toughness 
in various modes, were summarized by Gao et al. [15]. To 
calculate the J integral, Aliheidari et al. [16] investigated 
mode I fracture toughness tests performed on ABS speci-
mens produced using FDM. Both reinforced and pure ABS 
specimens underwent a fracture toughness assessment by 
Young et al. [17].

The interlayer toughness of pure polyamide (PA12) and 
polyamide reinforced with short fibers was evaluated by 
Fonseca et al. [18]. Double cantilever beam (DCB) speci-
men was utilized by Barile et al. [19] to assess the mode I 
fracture toughness of PLA samples. Khudiakova et al. [20] 
examined the difference in the mode I fracture toughness 
between PLA and carbon-reinforced PLA.

To examine mode I fracture toughness properties of PA 
2200, Marsavina et al. [21] analyzed two testing standards 
established for bulk or composite materials. Santos et al. 
[22] used ISO and ASTM testing standards to perform mode 
I and mode II fracture toughness tests on 3D-printed poly-
amide/continuous carbon fiber-reinforced specimens. A sim-
ple tensile specimen with a notch is put under cyclic strain 
using the SENB testing method, which was very recently 
established [23].

However, this situation has certain restrictions, including 
unstable crack propagation and high plasticity in the crack’s 
vicinity. Other times, static mode I and 3-point bending 
experiments were carried out by Fazlay Rabbi and Chaliv-
endra [24] to assess the fracture toughness under mode I and 
mixed mode crack opening at the interface between PLA and 
nylon asymmetric specimens. In this instance, the pre-crack 
was first introduced using a polyimide tape.

Due to the similarities concerning the mechanical behav-
ior between composite materials and additively generated 
components, testing standards for composite materials are 
used in most studies to assess the fracture toughness of 
additively manufactured parts. Additionally, the pre-crack 
was often accomplished by inserting a film in the midplane 
to fabricate the specimen [17–22]. The film only tenuously 
clings to the substrate, allowing further layers of deposition. 
This process required interrupting the deposition to install 
the film, which also calls for careful handling.

As a result, the release film may cause some problems 
since the deposition process is interrupted, and a more 
extended period passes before moving on to the following 
layer. When installing the subsequent layer, this requires a 
faster cooling of the substrate. As a result, the substrate cools 
down more quickly than it would under normal deposition 
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circumstances. This results in a change in the heat cycle 
that could potentially lead to a deviation in the interlayer 
mechanical characteristics [25, 26]. Additionally, the place-
ment of the release film requires the presence of an operator 
during the entire process, which is risky for human mistakes 
and becomes even more difficult when using high-tempera-
ture polymers. A new sample configuration involving nested 
spacers was proposed in [27] to overcome such limitations. 
This sample configuration enabled the identification of the 
interlayer fracture toughness with great accuracy without 
coming across the abovementioned limitations.

In the present study, the influence of the deposition strat-
egy on the fracture toughness of FDM samples was investi-
gated using double cantilever beam (DCB) specimens. Opti-
cal microscopy of the fractured surfaces was performed to 
understand better how the deposition strategy influences the 
adhesion between consecutive layers.

2 � Materials and methods

2.1 � Geometry of the specimens

The DCB specimen of the present work, whose basic geom-
etry was defined following ASTM D5528 standard [28], was 
the one that was also used in past works [27] incorporating 
nested spacers in a slot. A scheme of the DCB sample is 
reported in Fig. 1. Here, the subsequent layers are depicted 
with different colors to identify the printing strategy better. 
This slot was created by imposing the removal of two layers 
of filaments, creating a pre-crack of initial length α0.

Therefore, the pre-crack zone had an initial thick-
ness of 2 filament layers. A crucial component of the test 
appropriateness is determined by the samples’ geometri-
cal features, such as their overall thickness, the distance 
between the two substrates’ midplanes and the loading 

blocks, and their pre-crack length. The dimensions of the 
samples were identified to comply with Equations 1, 2, and 
3, which are related to the distance between the loading 
block and the midplane of the first half of the specimen 
(t), the minimum overall specimen thickness (h), and the 
pre-crack length (a0).

where E11 is the elastic module along the x-direction, GIc is 
the expected critical energy release rate, α is the pre-crack 
length, and α0 is the pre-crack length starting from the load 
line axis as seen in Fig. 2. Tensile tests were conducted using 
a universal testing machine model Criterion 43.50 by MTS, 
following the ASTM D638 standards, under room condi-
tions, and at a crosshead speed of 1 mm/min to determine 
longitudinal Young’s modulus E11 of the PLA of the identi-
cal filaments. The observed modulus E was found to vary 
between 2.8 GPa and 3.3 GPa in the various filament orien-
tations tested.

As a result, the minimum overall thickness of the sam-
ples was established to be between 4.5 and 7.5 mm, also 
dependent on the factors above and the crack length. As 
shown in Fig. 1, the characteristic dimensions of the sam-
ples were determined by taking into account the mechani-
cal behavior of polylactic acid (PLA) and compliance with 
the recommendations of the relevant testing standard [28].

(1)t ≤
h

4
+ 0.01

√
0.0434h3 + E11

GIc

+ a2

(2)h ≥ 8.28
3

√
GIca

2
0

E11

(3)�0 ≤ 0,042

√
h3E11

GIc

Fig. 1   Relative direction 
between filaments and applied 
load
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The characteristic dimensions of the samples, which are 
schematically depicted in Fig. 2. The typical specimen is 
composed of a total length (L) of 125 mm and a width of 25 
mm respectively. The precrack length α was 55 mm while 
the distance between the load line and the initial crack tip 
α0 was 30 mm.

2.2 � Sample material and printing

0.2 mm thick layers were adopted (corresponding to 50% of 
the adopted nozzle diameter d=0.4 mm). The load line was 
designed perpendicular to the printing plane in all examples.

Different infill strategies were adopted, monodirectional 
and alternating strategies, as schematized in Fig. 3. The mul-
tiplier for extrusion was set to 100%. Any exterior shell was 
used during the specimen manufacturing process to create 
a homogeneous sample. For each deposition strategy, five 
repetitions were performed.

2.3 � Specimen preparation and characterization 
process

A pair of steel piano hinges were adhesively bonded 
at the part of each specimen that incorporated the pre-
crack to provide the load necessary to open the crack, as 

Fig. 2   Main dimensions of the 
samples used in the experimen-
tations

Fig. 3   Schematic of the deposition strategy used to manufacture the specimens
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shown in Fig. 1. Before the application of the adhesive, 
a neutralizing cleaning spray was applied to prevent the 
presence of contaminants that could reduce the adhe-
sion quality. This ensured a proper adhesion between 
the piano hinges and the sample surface. Next, a rubber-
based primer agent with P400 chloric was used to pre-
treat the surfaces. A constant-dosage pistol with a mix-
ing nozzle was used to apply a structural bio-composed 
methacrylic Easy-Mix PE-PP 45 bi-component adhesive 
consistently. Both treatment and adhesive products were 
provided by WEICON GmbH & Co. (Munich, Germany). 
All the specimens were exposed to constant temperature 
and normal ambient conditions for roughly 24 hours to 
ensure the proper solidification of the adhesive agent fol-
lowing the indications of the DIN EN 1465 [29] standard.

An MTS Universal Testing Machine with a 50 kN 
applied force capacity, model C43.50, was used for the 
fracture toughness testing campaign. One millimeter per 
minute (mm/min) was chosen as the crosshead speed 
because it is the lowest value suggested by the related 
standard [28]. A 200x-capable Dino-Lite AM2111 trave-
ling optical microscope installed on a mechanism with 
a movable base was used to monitor the fracture tip, as 
shown in Fig. 4. White paint was applied to the speci-
men's side surface, as well as tick marks in every 5 mm 
each of them, to determine the position of the crack front 
more precisely.

According to the testing standard, the procedure was 
divided into two distinct phases. The first phase is aimed 
at clearing the crack front and precisely identifying the 
crack tip position. During this phase, the specimen was 
loaded until a crack opening and extension was devel-
oped between the first 3 and 5 mm; then, the speci-
men was completely unloaded at a crosshead speed of 
8 mm per minute. This step is essential for completing 
the test because it enables clearing the crack front from 
any potential geometrical flaws brought on by the 3D 

printing process. Besides, it allowed the clear identifica-
tion of the crack path.

During the second phase (once the crack tip is identified), 
a steady crosshead displacement of 1 mm/min was used to 
open and spread the crack. Throughout this procedure, the 
load applied by the testing machine and the corresponding 
crosshead displacement were correlated with the crack tip for 
every 5 mm of extension.

The VIS point technique was used to specify the fracture 
starting features and, as a result, the critical energy release rate. 
This approach records the fracture motion’s start, as shown in 
Fig. 5a, which depicts a typical force-crosshead displacement 
curve. The energy needed to spread a crack over a unit surface 
area is represented by the mode I strain energy release rate. 
The DCB test for an elastic linear construction is based on the 
change in compliance, C, which is determined by Equation 4:

    The loss of stored energy caused by the crack spreading 
from a value of α to α + α causes a change to the compliance. 
The beam theory assumes that the adherents are clamped at 
the crack tip and that there is little spinning in this area for 
calculating the compliance. As a result, using the Irwin-Kies 
formula [30], which is given by Equation 5, it is possible to 
determine the strain energy release rate GI:

P stands for applied load and denotes machine crosshead 
displacement, b for specimen breadth, and the crack exten-
sion corresponds to applied load P and crosshead displace-
ment. Thus, based on the Young modulus E (in this case equal 
to E11), and using Equations 6 and the Euler-Bernoulli, it is 
possible to determine the compliance C, displacement δ, and 
moment of inertia I.

(4)C =
�

P

(5)GI =
P2

2b

�C

�a

Fig. 4   Picture of the adopted 
equipment during the execution 
of the mode I fracture tough-
ness tests (testing machine, 
piano hinges, and the traveling 
microscope device)
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Thus, the strain release energy rate GI is determined by 
Equation 7:

The same reasoning suggests that the parameters of 
Equation 5 could be used to remedy any possible incor-
rect fracture front detection. According to Equation 8, 
the modified beam theory approach was utilized to deter-
mine the energy release rate GI:

(6)C =
8a3

Ebh3
� =

2Pa3

3EI
I =

bh3

12

(7)GI =
3P�

2ba

The parameter Δ denotes the intercept of the linear 
regression curve between the crack length and the cube 
root of C, as shown in Fig. 5b.

3 � Results

3.1 � Mode I fracture toughness characteristics

The applied load-crosshead displacement curves for each type 
of specimen are reported in Fig. 6a with different colors for each 

(8)GI =
3P�

2b(� + |�|)

Fig. 5   Typical load-crosshead displacement curve obtained by the execution of one of the tests (a) and defining the Δ factor for calculating the 
energy release rate using the modified beam theory (b)

Fig. 6   The load-crosshead displacement curves of representative specimens of each category (a) and the crack length-crosshead displacement 
ratio obtained by the experimental campaign (b)
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specimen category. The blur curves represent the load-crosshead 
displacement during the first phase of the execution of the test.

The configuration of pure longitudinal filaments in the 
crack interface (0°) required less load than the rest of the 
configurations. At the same time, the ±45° gained the high-
est values of applied load and related crosshead displace-
ment. The pure 90° and 0/90°configurations show similar 
load-crosshead displacement curves. Nevertheless, some 
interesting aspects are presented in the corresponding crack 
length-crosshead displacement curves of Fig. 6b.

The energy release rate GI was computed using the equa-
tions of the simple and modified beam theories described in 
Section 2. Figure 7 shows the average values of the critical 
energy release rate and the crack propagation for the depos-
ited strategies.

The results reported in Fig. 7 indicate a strong influence 
of the deposition strategy on the GIc and GIprop. Monodi-
rectional strategies involving filaments parallel to the crack 
propagation path (0°) involved average values of 0.74 and 
0.71 kJ/m2 for the GIc and the GIprop, respectively. These 
samples were characterized by the lowest values of GIc 
and GIprop as compared to the other deposition strategies. 
The deposition strategy that enabled the highest values of 
fracture toughness was ±45°. These samples showed a GIc, 
which was 3.9 kJ/m2, almost 4.4 times the values recorded 
for 0° samples. ±45° samples were also characterized by 
higher standard deviation that was presumably attributed to 
the failure mode also captured by the optical microscopy. 
For the monodirectional 45° strategy, the average values of 
GIc and GIprop showed high standard deviation. Indicatively, 
the values of GIc ranged between 0.94 and 2.10 kJ/m2, while 
the GIprop varied between 1.03 and 2.45 kJ/m2, respectively.

Monodirectional 90° and alternate samples 0/90° showed 
similar fracture toughness values for crack initiation and 
propagation. These two categories shared similar behavior 

regarding applied load and crosshead displacement, even 
though the deposition strategy and the related bonding 
between the adjacent filament layers differed. It should also 
be noted that in these two cases, the standard deviation was 
the minimum compared to all the other specimen series indi-
cating a more reliable behavior.

The R-curves of all the conducted tests are reported in 
Fig. 8 and are clustered into five groups that refer to the 
printing adopted strategies. In the graph, the dashed line 
represents the initial pre-crack length while the various 
specimen categories are grouped using a basic color and 
point shape for each one of them. For instance, the ±45° 
specimens’ R-curves are presented with varying tonalities 
of red colour and rectangular point shape. Individually, the 
various specimen categories showed different energy dissi-
pation behavior. A region of increased plasticity character-
ized the ±45° specimens at the beginning of the pre-crack 
that increased the energy demand for crack development. 
Consecutively, after almost 10 mm of crack propagation, the 
energy required stabilized at lower values, indicating a sta-
ble crack propagation between the +45° and −45° filament 
layers. However, some specimens required higher energy 
for crack propagation, starting from a crack length between 
55 and 60 mm. A similar phenomenon was observed in 
[18], which attributed the increase in the fracture tough-
ness energy to the behavior of PLA. The increased devia-
tion between the energy release values obtained by the same 
specimen category should also be noted.

A similar behavior, with less intensity, was observed 
on 90° samples where the corresponding R-curves dem-
onstrated less deviation. Since the filaments are oriented 
perpendicular to the crack propagation direction in these 
samples, the crack was progressively developed in each fila-
ment line and showed increased energy values compared to 
0° samples. Compared to them, the 0/90° sample R-curve 
may be divided into two distinct regions: the one where the 
crack develops (pre-crack), and the stable crack propagates, 
leading to lower energy release values. Even though the 90° 

Fig. 7   The average values of the critical (GIC) and the propagation 
release rate (GIprop) obtained by the testing campaign Fig. 8   The R-curves for the mode I fracture toughness test specimens
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and 0/90° samples derived similar average values of GIc, 
monodirectional 90° and alternate 0/90° samples exhibited 
different energy dissipation behavior. This can be attributed 
to the effective bonded area in the specimens midplane. 
Finally, 0° samples showed the most stable crack propaga-
tion after the first 5 mm of the crack front extension. The 
lowest values of the energy requirements for crack propaga-
tion characterized these samples.

3.2 � Optical microscopy

During the mode I test, PLA was prone to change the plane 
of the crack propagation; thus, optical microscopy was con-
ducted to analyze the fractured surfaces. In Fig. 9, the typi-
cal fractured surfaces of the various samples are depicted 
as obtained by the microscopy analysis utilizing a LEICA 
M205A stereoscope. In the present work, the raster angle 
substantially affected the crack propagation within the addi-
tively manufactured PLA layers.

The specimens with a deposition angle of 0°, shown in 
Fig. 9a, were characterized by the most stable crack propaga-
tion without layers exfoliation. This stable crack initiation 
and propagation confirm the results of the R-curves. The 
samples with a 90° deposition strategy, shown in Fig. 9b, 
and alternating strategies with 0/90° deposition, depicted in 
Fig. 9c, also showed stable crack propagation. Nevertheless, 
substantial differences were found in the load-displacement 
curves of 0° and 90° as shown in Fig. 10. The curve of 90° 
samples showed a large number of load drops related to the 
sudden propagation of the crack from a filament to the adja-
cent one in the same plane. This phenomenon did not occur 
in the 0° samples. In 90° samples, the crack front reached the 
next filament after the sudden load drop, which developed 
in correspondence with the region with an absence of mate-
rial. Transverse filament strategies behaved as a barrier that 

prevented the continuous propagation of the crack. Under 
these conditions, higher energy was required to initiate crack 
when the crack jumped from one filament to the next. In 
these cases, a constant load was required to propagate the 
crack front. As reported in Fig. 10, the load-crosshead dis-
placement in the case of the 90° samples was characterized 
by regions of load drops due to the transition from one fila-
ment to the next one (adhesion between adjacent filaments) 
that led to sudden crack propagation.

The samples with strategies involving 45° and the ±45° 
showed completely different fracture toughness behavior. 
Some 45° samples showed a phenomenon similar to the kiss-
ing bond [31] after the crack initiation. Indeed, even though 
the adjacent filaments were in contact, they did not adhere 
properly, leading to locally unstable crack propagation. 
Besides, the ±45° specimens showed large layer pull-out 
regions, indicating a potential mixed-mode crack opening.

Finally, it should be noted that in some rare cases of the 
samples incorporating 90° deposited filaments, the crack 
propagation followed an out-of-plane path transverse to the 
longitudinal sample direction, as shown in Fig. 11. This 
was due to the reduced fracture toughness in that direction, 
compared to the in-plane fracture toughness, and the rela-
tively low bending stiffness of the specimen arm. When this 
phenomenon occurred, the sample was not considered for 
calculating the energy release rate.

Optical microscopy analysis was also performed to 
determine the effective adhesion area between consecu-
tive layers. During the FFF process, gaps are produced 
between consecutive filaments; while the fracture tough-
ness computation refers to a complete adhesion between 
the layer surface. Figure 12 shows the adhesion surfaces of 
samples made under different deposition conditions. For 
each one, the effective area was determined by focusing on 
the fractured surfaces and specifying the effective filament 

Fig. 9   The characteristics of 
the fractured zones as observed 
with the optical microscope for 
the various specimen categories
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Fig. 10   Characteristics of the load-crosshead displacement curves referring to the crack propagation of the various specimens

Fig. 11   Out-of-plane crack 
propagation as observed by the 
traveling microscope for the 
case of a 90° sample



4278	 The International Journal of Advanced Manufacturing Technology (2023) 128:4269–4281

1 3

bonding area. For monodirectional deposition strategies, 
where all the layers were deposited along the same direc-
tion, the determination of the effective adhesion area was 
relatively simple. Indeed, it demanded the identification of 
the width of contact wa. On the other hand, for alternated 
deposition strategies (i.e., 0°/90° and ±45°) the adhesion 
area Aa required the reconstruction of the contact region 
and the measurement of the area for creating the elemen-
tary representative unit cell (RUC) as indicated in Fig. 12d 
and Fig. 12e, respectively. To this end, the open-source 
software ImageJ was used.

After determining the effective bonding area, the energy 
release rate attributed to the effective bonding area was 
calculated by normalizing the geometrical parameters of 

Equation 8. Therefore, for the sample made with monodi-
rectional deposited filaments, the effective critical energy 
release rate was calculated as follows:

where n is the contact coefficient that may be calculated as 
follows:

(9)GIeff =
GI

n

(10)n =
we

wa

(unidirectional filaments)

(11)n =
Ae

Aa

(alternating filaments)

Fig. 12   Macrographs of the adhesion surfaces from samples produced under different deposition conditions
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In Equation 11, Ae represents the area of the unit cell 
RUC​. Consequently, for the case of alternative deposition 
strategies, this coefficient may be calculated by the ratio of 
the actual bonding surface and the theoretical one, as seen in 
Fig. 12d, e, respectively. The average values of the contact 
coefficient calculated using optical microscopy are reported 
in Table 1.

As can be inferred, alternating strategies showed a con-
tact coefficient of n=43%±2%), much lower than monodi-
rectional strategies of n=70%±1.5%). However, alternating 
strategies showed an average GIc of 3 kJ/m2, while monodi-
rectional strategies showed an average GIc of 1.3 kJ/m2. In 
addition, the lowest value of GIc for alternating strategies 
(corresponding to 0/90° deposition) was 2.01 kJ/m2, which 
correspondent to almost three times that observed for the 
minimum value of GIc for monodirectional deposition (cor-
responding to 0° deposition) of 0.74 kJ/m2.

4 � Discussion

The results indicate the raster angle’s strong influence on 
the fracture toughness of additively manufactured compo-
nents. This difference is depicted in the graphs of the energy 
release rate required for crack initiation and propagation. 
The fracture toughness increases in the case of monodirec-
tional deposition strategies when the filaments are deposited 
perpendicularly to the crack propagation direction. Com-
pared to monodirectional deposition strategies, the alternat-
ing deposition strategies achieved higher fracture toughness. 
More precisely, the ±45° raster angle in the specimens’ 
interface required the highest energy levels. ‘

Since gaps between the filaments characterize the fused 
filament fabricated samples, there was the necessity to attrib-
ute the calculated energy to the effective contact zones that 
develop a bond between the layers. The effective adhesion 
portion was calculated using optical microscopy measure-
ments and was found to be similar to the case of monodi-
rectional deposition strategies. On the other hand, alternat-
ing deposition strategies showed an effective adhesion area 
(43%) much lower than monodirectional strategies (70%). 

Even though such lowed adhesion area, the alternating dep-
osition strategies demonstrated higher energy release rate 
values and appeared to be the optimal solution when high 
fracture toughness values are required.

The difference regarding the fracture toughness of the 
PLA samples is also reflected in the fractured surfaces and, 
consequently, in the R-curves. The energy dissipation was 
highly different as the crack propagated in the various sam-
ples’ interfaces that incorporated different raster angles. The 
AM DCB samples utilized in past works were susceptible 
to potential layer pull-out. For instance, Fonseca et al. [18] 
identified a significant layer pull-out between ±45° depos-
ited PA12 or even PA12 reinforced with short carbon fibers, 
creating irregular patterns to the corresponding R-curves. 
The same phenomenon was observed by Khudiakova et al. 
[20] in the case of unidirectionally deposited PLA and 
carbon fiber-reinforced PLA, respectively. In the present 
work, the GI values of the 90° angle were higher than the 
0°, presumably due to the increased plasticity created by 
the filaments transverse to the crack extension. In addition, 
significant filament pull-out was observed in the case of the 
±45° specimens, which complies with the observations of 
the past works [19]. Even though the phenomenon of the 
change of the crack propagation interface is common to the 
works that deal with the fracture toughness of polylactic 
acid, the increased filament pull-out led to higher energy 
levels required for opening and extending the crack. Occa-
sionally and in some rare cases in the 45° samples, a zone 
of unstable crack propagation was observed. This particu-
lar zone was characterized by a phenomenon similar to the 
kissing bonding of the composite structures where there is 
contact without a complete adhesion between the layers.

5 � Conclusions

The influence of the deposition strategy adopted during 
Material Extrusion on the fracture toughness was investi-
gated. An experimental campaign using polylactide acid 
was carried out. The tests involved double cantilever beam 
(DCB) specimens designed in compliance with ASTM 
D5568 standards. Different deposition strategies were 
applied, including monodirectional (0°, 45°, and 90°) and 
alternate deposition strategies (0°/90° and ±45°). The adhe-
sion areas were also investigated to compute the effective 
critical energy release rate. This was achieved by consider-
ing that only a portion of the layer is effectively in contact 
with the overlying and underlying layers. The main conclu-
sions from this study are as follows:

•	 The monodirectional deposition strategy suffers from 
great sensitivity from the loading direction. Indeed, when 
the filaments are deposited perpendicularly to the crack 

Table 1   The components for calculating the effective energy release 
rate

Raster angle 
(degrees)

Contact 
coefficient 
n

Standard 
deviation

GIC (kJ/m2) GICeff (kJ/m2)

0 71.4 % 1.9% 0.74 1.04
90 68.6 % 4.0% 2.01 2.93
0/90 40.8 % 2.3% 1.99 4.88
45 69.8 % 3.3% 1.20 1.72
±45 44.7 % 2.4% 3.92 8.76
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front extension, the samples show higher fracture tough-
ness values (average of 2.0 kJ/m2) compared to those 
having all the filaments oriented longitudinally (average 
of 0.74 kJ/m2).

•	 Alternated deposition strategy led to samples with higher 
fracture toughness, whose values ranged between 2 kJ/m2 
(for 0°/90°) and 3.9 kJ/m2 (±45°). Also, in this case, the 
higher fracture toughness was recorded when no filament 
was arranged along the crack propagation path.

•	 ±45°-oriented filaments demonstrated the highest energy 
release rate values overall, showing also a highly irregu-
lar fractured zone with increased filament layers pulled 
out during the crack propagation.

•	 Even though the polylactic acid is prone to layer pull-out, 
in the case of the monodirectional deposition strategy, 
the phenomenon was not present, and the crack propaga-
tion was stable.

•	 The orientation of the filaments in the interface has a 
predominant role in the fracture toughness characteristics 
of the structure compared to the total effective bonding 
area of the filaments. Even after the normalization of the 
energy release rate, the differences between the alter-
nate and continuous deposited filaments were found to 
be even more evident.
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