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Abstract
This study investigates the influence of deposition conditions in material extrusion (MEX) on fracture toughness, with a 
specific focus on the interlayer adhesion. A full factorial experimental design was employed, varying three key parameters: 
the deposition strategy, the extrusion multiplier, and the extruder speed. Fracture toughness was assessed using double 
cantilever beam tests, following ASTM D5528 standards. Additionally, the study explores the influence of load direction 
through various deposition strategies, including 0/90 and ± 45 orientations. To gain deeper insights, real-time thermal analysis 
was conducted during deposition, utilizing an infrared thermal camera. This allowed to investigate the effect of deposition 
conditions on temperature history. Subsequent examination of fracture surfaces post-testing was performed using optical and 
scanning electron microscopy. The findings reveal compelling evidence of the significant impact of the extrusion multiplier, 
printing speed, and deposition orientation on interlayer adhesion. In addition, the results indicated the presence of crystalline 
phase after deposition which was due to partially melting during depositions involving high material flow. This was due to 
the adoption of a semicrystalline filament. The adoption of the multidisciplinary approach enabled a better understanding of 
some phenomena occurring during the deposition (e.g., formation/existence of crystalline phase) that influence the adhesion 
behavior. These results underline the capability of such broad approach to analyze the influence of the processing condi-
tions on the interlayer adhesion. Consequently, the developed analysis procedure represents a pivotal approach to study and 
optimize the MEX process and filament characteristics especially for semicrystalline polymers.
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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
GIC	� Critical energy release rate

IP	� Infill percentage
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
EM	� Extrusion multiplier

1  Introduction

Additive manufacturing (AM) is emerging as an innovative 
and promising technique that could generate finished prod-
ucts or prototypes with intricate geometries while eschew-
ing the limitations imposed by conventional fabrication 
techniques. The AM techniques provide a wide range of 
materials and machines, excellent design freedom, and low 
fixed costs depending on the needs of each application [1, 2]. 
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Material extrusion (MEX) is a flexible subset of the existing 
AM techniques for making polymer components because 
of its validated advantages. Polymer filament layers are 
deposited in a specified repeated pattern to create the final 
product. These filaments are heated until they either melt; 
then, they are extruded from a nozzle at that temperature. 
Recent advancements have made MEX scalable, enabling 
the production of parts of almost any scale, which aids in 
fulfilling the requirements for a more comprehensive cir-
cular economy. In addition, the MEX process is capable of 
producing reinforced plastics with short and long fibers to 
provide higher mechanical behavior [3]. Despite the advan-
tages of these methods, much effort is made into identifying 
and enhancing the characteristics of AM products related 
to the processing environment. These parameters primarily 
relate to the repeatability of the deposition conditions, the 
reduction of defects like pores and voids, the inadequacy of 
adhesion between the deposited layers, and shrinkage and 
warpage connected to the associated heat cycles. Various 
studies investigated the relationship between the mechanical 
behavior of AM components and their deposition charac-
teristics [4–12]. The mechanical behavior of MEX parts is 
greatly influenced by the raster angle, which is created by 
the direction in which the raster is loaded and deposited [13]. 
When a load is applied, the raster supports it (raster angle 
of 0°), and the sample exhibits mechanical characteristics 
close to the original filament behavior and injection-molded 
parts [14]. When the load is applied transversely to the raster 
(at a 90° raster angle), the sample exhibits lower strength 
and lower elongation at break, which suggests a more brit-
tle nature. Due to this scenario, when the bonded surface 
between the filaments is loaded, the mechanical properties 
dramatically decrease. MEX elements consequently show 
notable anisotropy which can be mitigated by cycling layers 
with different orientations. However, this approach cannot 
be successfully employed to improve the mechanical behav-
ior along the building direction (z-direction). Consequently, 
numerous researchers have been inspired by this to investi-
gate interlayer adhesion using an integrated methodology.

This in turn depends on the thermal history of the adhe-
sion region [15, 16]. In addition, MEX components are 
intrinsically affected by interlayer voids that develop during 
deposition, owing to rapid cooling and solidification. This 
hinders the possibility to achieve full-density components 
[4], reduces the adhesion area between the layers, and intro-
duces crack initiators. A possible solution to reduce the void 
dimensions and increase the effective adhesion area between 
the layers is to increase the extrusion multiplier. In addi-
tion, the interfilamentous voids are also strongly influenced 
by the thermal history. It was proven, through indentation 
tests, that the filaments built close to the deposition plate 
show higher adhesion than the filaments built in positions 
farther from the plate. This behavior was ascribed to the 

different thermal history experienced by the materials: at 
the deposition plate, the cooling is delayed allowing for an 
increase of the rearrangement of the molecules at the inter-
layer [10]. This was addressed to the prolonged permanence 
of the material close to the glass transition temperature that 
enabled higher molecular entanglement, which finally led 
to higher density. This also led to the enhancement of the 
mechanical behavior of this region, as described in [17, 18]. 
Aliheidari et al. [19] investigated mode I fracture tough-
ness tests. Young et al. evaluated the fracture toughness of 
pure and reinforced ABS specimens [20]. Fonseca et al. [21] 
examined the interlayer toughness of pure polyamide (PA12) 
and polyamide reinforced with short fibers. Barile et al. [22] 
used a double cantilever beam (DCB) specimen to evalu-
ate the mode I fracture toughness of PLA samples. In their 
study, Khudiakova et al. [23] compared the mode I fracture 
toughness of PLA versus PLA with carbon reinforcement. 
Marsavina et al. [24] studied two testing standards made for 
bulk or composite materials to look at the mode I fracture 
toughness qualities of PA 2200. Santos et al. [25] performed 
mode I and mode II fracture toughness tests on 3D printed 
polyamide/continuous carbon fiber reinforced specimens 
using ISO and ASTM testing standards.

The SENB testing method, which was just recently estab-
lished, involves subjecting a straightforward tensile speci-
men with a notch to cyclic strain [26]. Most of the research 
employs testing standards for composite materials to evalu-
ate the fracture toughness of additively created parts due to 
the similarities in mechanical behavior between composite 
materials and additively generated components. To create 
the specimen, a film was frequently inserted in the midplane 
before the pre-crack. However, this requirement may lead to 
unreliable results, since the time spent for the insertion of 
the film may alter the thermal history and consequently the 
adhesion behavior. To this end, Lambiase et al. [27] pro-
posed a new sample that enables to avoid such an artifact. To 
this end, the authors proposed to use some spacers (directly 
printed with the same material) at distances of 10 mm to 
produce the pre-cracks. The spacers were easy to cut leading 
to pre-crack formation.

Although previous studies have contributed to understand 
the micromechanics involved during interlayer adhesion, 
these studies were mainly focused on the fracture analysis 
and in some cases modeling. In some cases, a few studies 
investigated the thermal history during the deposition. This 
strongly influences the interlayer adhesion since it directly 
impacts the polymeric chain mobility. On the other hand, the 
interlayer adhesion is also strongly influenced by the forma-
tion (or pre-existence) of a crystalline phase that may hinder 
the mobility of the polymeric chains, and consequently, it 
could affect the interlayer adhesion.

During the material extrusion process, the forma-
tion of interlayer bonding is achieved through molecular 
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interdiffusion between the material being extruded and the 
underlying layer. However, different phenomena concur 
during deposition that makes extremely complex the under-
standing of the influence of the process parameters on the 
mechanical behavior. Indeed, the adoption of filaments with 
high crystalline percentage and process conditions involving 
high material flow may lead to incomplete melting of the 
crystalline phase [28, 29]. This could influence negatively 
the interlayer adhesion. Similarly, deposition conditions 
have a direct influence on the thermal history, which in turn 
influences the intermolecular entanglement between overlay-
ing layers. A more comprehensive understanding of these 
interrelated phenomena occurring during the MEX process 
requires a broader and interdisciplinary analysis of the pro-
cess as well as the components made by MEX. Although 
some investigations were conducted to address the influ-
ence of the process parameters on the interlayer adhesion of 
MEX components, a full understanding of the phenomena 
involved is still missing. The present study tries to fill this 
gap by using a multidisciplinary approach involving differ-
ent methodologies.

Particularly, the aim of this paper is to determine the 
influence of the deposition strategy, the deposition speed, 
and the material flow on the interlayer adhesion behavior. 
PLA was selected as a model material to limit the effect 
of warpage (more in general, part deformation) and ana-
lyze with a multidisciplinary approach the effect of printing 
conditions to the adhesion. First, experimental tests were 
conducted by recording thermal imaging through an IR ther-
mal camera to monitor the temperature evolution during the 
deposition process. This enabled to better investigate the 
influence of the adopted process parameters on the thermal 
history. Additionally, extensive physical and chemical char-
acterization were performed to investigate the influence of 
the involved processing parameters on the interlayer adhe-
sion. Finally, optical and scanning electron microscopy 
(SEM) were involved to better analyze the fracture surface.

2 � Materials and methods

2.1 � Materials

PLA filament from (RS PRO 1.75 mm of nominal diam-
eter) was adopted for obtaining the specimens by MEX 
process. This polymer is characterized by 207.941 g/mol 
molecular weight, 84.510 g/mol average molecular weight, 
and 2.461 polydispersity index, as revealed by gas chro-
matography analysis.

2.2 � Design of the DCB specimen

The geometry of the DCB specimen conforms to ASTM 
D5528 standards. Previous research endeavors [16, 27] 
have consistently followed this standard, with specific 
studies focusing on diverse objectives, such as exploring 
pre-crack introduction methods [27] and investigating the 
influence of various deposition strategies on the fracture 
toughness of MEX specimens [16]. This study considers 
two distinct deposition strategies, resulting in the creation 
of two types of specimens:

1.	 0/90° specimens: These specimens feature a raster angle 
of 0° in one consecutive layer and 90° in the subsequent 
layer, as depicted in Fig. 1a.

2.	  ± 45° specimens: These specimens employ a deposition 
strategy with a ± 45° raster angle between consecutive 
layers, as shown in Fig. 1b.

The adoption of these two deposition strategies facili-
tates a comprehensive exploration of the influence of raster 
angle on specimen fracture toughness. This investigation 
aims to elucidate how different orientations affect mechan-
ical behavior.

Fig. 1   Relative direction between deposited filaments and applied load and different types of specimens printed via the MEX process: a cross-
ply specimen (following layers oriented at 0/90°) and b angle-ply specimen (following layers oriented at ± 45°)
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The most important aspect to properly carry out this 
test is to define the correct geometry of the specimen. The 
dimensions were identified through the modified beam 
theory or compliance calibration method according to 
the corresponding standard. More details concerning the 
dimensions of the samples are provided in [27].

Tensile tests following ASTM D638 (type 1) were con-
ducted on PLA specimens employing a universal testing 
machine, specifically the MTS model Criterion 43.50. 
These tests were performed at a constant speed of 1 mm/
min. The outcomes revealed that the longitudinal elastic 
modulus (E11) values were 2.6 GPa for the ± 45° speci-
mens and 2.7 GPa for the 0/90° specimens. Based on 
these determined values, the minimum overall thickness 
was established within the range of 4.5 to 7.5 mm. This 
dimensional specification was achieved by carefully con-
sidering PLA’s mechanical properties and adhering to the 
guidelines outlined in the relevant testing standard ASTM 
D5528. Table 1 summarizes the dimensions of the samples 
employed in this study, while Fig. 2 provides a schematic 
representation of one of these specimens.

2.3 � Process parameters and definition of the test 
matrix

Based on the dimensional specifications, the sample geome-
try was modeled in 3D using Autodesk Fusion 360 software. 
A commercial MEX machine model Ender-6 by Creality 
was used for specimens’ fabrication. This machine can be 
interfaced with the slicer Simplify 3D, which enables to set 
various parameters of the deposition characteristics. Table 2 
provides a summary of the 3D printer parameters that were 
held constant throughout the various cases in the process.

The layer thickness was fixed at 0.2 mm, equivalent to 
half the nozzle diameter. Perimeter shells were avoided to 
eliminate the influence of filaments not aligned with the ras-
ter direction. In addition, following the procedure described 
by Lambiase et al. [27], the pre-crack was produced by print-
ing some thin spacers which can be easily cut, as schema-
tized in Fig. 2b.

Table 3 provides a summary of the test matrix detailing 
the variations in three key parameters throughout the MEX 
process:

1. Layer deposition strategy: The study encompassed 
two deposition strategies, ± 45° and 0/90°, as elucidated in 
Sect. 2.1.

Table 1   Characteristic dimensions of the specimens used for ASTM 
D5528 tests

Geometrical characteristics Dimen-
sion 
(mm)

Length (L) 125
Width (b) 25
Pre-crack length (a) 55
Initial distance of the crack tip from the load axis (a0) 30

Fig. 2   (a) Schematic of the specimen adopted of DCB tests and (b) schematic of the sample prior of cutting the spacers used to produce the pre-
crack

Table 2   3D printing parameters employed in all the specimens

Printing parameter Value

Layer thickness (mm) 0.2
Nozzle diameter (mm) 0.4
Nozzle temperature (°C) 210
Printing bed temperature (°C) 60
Extrusion width (mm) 0.5
Infill percentage (%) 100
Internal fill pattern Grid
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2. Extrusion multiplier: Governing the volume of plastic 
extruded per unit distance through the print head’s nozzle, 
this parameter was studied at three values: 0.96 (96%), 1.00 
(100%), and 1.04 (104%).

3. Deposition speed: In this study, three different lev-
els were considered: 1000, 2000, and 4000 mm/min for 
all deposition strategies. The printer used to produce the 
specimens is characterized by a maximum deposition speed 
of 9000 mm/min. However, such speed depends on several 
factors including the material characteristics as well as the 
layer height that influences the material flow. Preliminary 
tests were conducted to verify the suitability of the adopted 
speed levels to avoid possible errors or even danger to the 
machine.

For each test condition, four samples were manufactured, 
resulting in a total of 72 printed specimens.

2.4 � Set up of the specimens and mechanical test

The load is transmitted to the specimen through the top and 
bottom layer surface. In fact, the load line must be perpen-
dicular to these surfaces, promoting the transverse opening 
of the crack. To ensure this load condition, two steel piano 
hinges have been applied to the specimen, following the pro-
tocol below:

1.	 Apply a neutralizing cleaning spray (WEICON cleaner) 
to improve the quality of the adhesion between the spec-
imen surface and the hinges. This product is necessary 
to remove all the contaminant elements, like the powder 
on both the surfaces of the specimen and the hinges.

2.	 White paint was applied to the specimen’s side surface. 
Tick marks were marked every 5 mm each of them, start-
ing from the crack tip (signed with 0) to determine the 
position of the crack front during the test were signed 
on this surface. In the first 5 mm starting from the sign 
0, the marks were drawn 1 mm apart. This is crucial in 
the first part of the test as it will be explained in detail 
afterwards.

3.	 Subsequently, on the specimen’s surfaces, at the hinge 
application area, is applied the Primer WEICON P400 

chloric to prepare these surfaces before the application 
of the glue.

4.	 A two-component toughened methacrylate adhesive sys-
tem AralditeÆ 2022–1 was applied to both the surfaces 
in the hinge area through a constant dosage pistol with 
a mixing nozzle. This area is limited by the width of the 
specimens and a distance from the specimen’s border 
(where the crack starts) of 30 mm. This adhesive is sup-
plied by Huntsman Corporation (TX, USA).

5.	 To provide a correct adhesion between the hinges and 
the specimen, it was necessary to wait at least 24 h after 
the bonding at normal ambient condition of temperature 
as stated in the DIN EN 1465 standard.

The entire process of specimen preparation was carried 
out with special care and attention, avoiding any possible 
damage to the specimens. In addition, during the mechani-
cal tests, no fracture occurred between the hinge and the 
specimen.

The mechanical testing was executed using an MTS Uni-
versal Testing Machine, model C43.50, equipped with a 50 
kN applied force capacity. For all the samples produced, 
great care during the first phase conforming to the require-
ments of the ASTM D5528 standards was taken. During this 
phase, the crack propagation was controlled by imposing a 
very slow traverse speed (1 mm/min), which aligns with the 
lowest velocity recommended by the corresponding stand-
ard. This enabled to keep low the bias introduced in this 
phase while being within the limits prescribed by the test 
standard.

To monitor the fracture tip, a Dino-Lite AM2111 trave-
ling optical microscope with × 200 magnification, mounted 
on a movable base mechanism, was employed. The configu-
ration of the test specimen on the machine is illustrated in 
Fig. 3.

The prescribed standard recommends splitting this 
mechanical test into two distinct phases. Specifically, the test 
was halted when the crack opening development, as recorded 
by the optical microscope, reached a value between 3 and 
5 mm (Fig. 4). As mentioned in the second step of the speci-
men setup, the distance between two consecutive marks in 
the initial 5 mm from the crack tip is 1 mm. Consequently, 
the specimen was completely unloaded at a crosshead speed 
of 8 mm/min.

The objective of the first phase is to initiate the crack 
front and precisely determine the crack position. Addition-
ally, it facilitates the elimination of any potential geometric 
imperfections introduced by the MEX process.

In the second phase, the test was resumed at a constant 
crosshead displacement speed of 1 mm/min. Throughout 
this stage, the load applied by the machine on the speci-
men was recorded alongside the corresponding value of 
the crosshead displacement and the crack tip position. 

Table 3   Test matrix with factors and assumed levels

Level Deposition 
strategy

Extrusion multi-
plier (%)

Deposition 
speed (mm/
min)

I  ± 45° 96 1000
II 0/90° 100 2000
III 104 4000
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These three values were logged each time a crack front 
progression of 5 mm was observed through the optical 
microscope.

The critical energy release rate was determined using 
the VIS point technique. This method relies on visually 
identifying the initial crack motion through the micro-
scope. Figure 5a illustrates two typical load-crosshead 
displacement diagrams for the two deposition strategies. 
The transparent plot represents the first part of the test, 
while the sharper one corresponds to the crack propaga-
tion resulting from the movement of the mobile cross-
head displacement. All the point-markers depicted on the 
propagation diagram signify a 5 mm increase in the crack 
length.

The parameter Δ, depicted in Fig. 5b, represents the 
intercept of the linear regression curve between the cube 
root of C and the crack length that is the factor for calcu-
lating the critical energy release rate.

2.5 � Characterization of the specimens

Thermo-gravimetric analysis (Mettler Toledo mod TGA/
DSC3 + , Milan, Italy) revealed the presence of 1.8 ± 0.1% 
residues probably due to the pigments. Calorimetric analyses 
were conducted by differential scanning calorimetry (Chip-
DSC 100, Linseis Inc., Robbinsville, NJ, USA) with 10 °C/
min heating/cooling rate. First heating was conducted from 25 
to 190 °C; after 5-min annealing, cooling from 190 °C down 
to 25 °C was performed; after that, the specimen was heated 
again. Attenuated total reflectance/Fourier transform infrared 
(ATR-FTIR, Spectrum 100, Perkin-Elmer, Holding Ltd., Lon-
don, UK) spectroscopy was conducted on the produced parts 
in the range 4000–650 cm−1, with 4 cm−1 resolution. Scan-
ning electron microscope (Phenom ProX, Phenom-World BV, 
Eindhoven, Netherlands) was adopted for characterizing the 
part surface after delamination. Before the analysis, parts were 
coated with thin gold film by sputtering. Dynamic mechanical 

Fig. 3   Macrograph of the 
painted specimen adopted 
for the analysis of crack front 
propagation

Fig. 4   Picture of the sample 
during the DCB test with a 
magnification of the measure-
ment of the crack propagation
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analysis (DMA) was performed by Perkin-Elmer DMA8000 
(Waltham, MA, USA) in tension mode, with 30 Hz, in the 
temperature range 25–105 °C, with 2 °C/min heating rate, and 
50-µm displacement.

2.6 � Temperature measurements

Thermal analysis was conducted using the infrared (IR) cam-
era model E60 By Flir to investigate differences between 
samples produced with extrusion multipliers set at 100% and 
104%, employing a constant printing speed (v) of 1000 mm/
min. The IR camera was strategically positioned along the 
elongated side of the sample, capturing the entire deposition 
process. Securely fixed to the frame of the 3D printer, the cam-
era maintained its position as the hot-end moved horizontally, 
while the sample progressed vertically, offering a comprehen-
sive view of the deposition process. The emissivity calibration 
was performed through a comparative approach. Indeed, some 
thin samples (0.4 × 30 × 30 mm) were printed over the building 
plate. After printing, the temperature of the build plate was set 
to 60 °C, 80 °C, and 100 °C. For each condition, before pro-
ceeding with the temperature measurement, 120 s were lapsed 
with the aim of reaching steady-state conditions. Thus, the 
emissivity values were set so the temperature of the sample 
equals that of the plate (which was also measured through a 
K-type thermocouple). This enabled to establish a material 
emissivity of 0.87, irrespective of the build plate temperature.

3 � Results

3.1 � DCB tests and interlayer adhesion

Figure 6 shows the load-crosshead displacement curves 
obtained from the mode I tests conducted on samples pro-
duced under different processing conditions. The curves 
demonstrate two distinct behaviors primarily distin-
guished by the presence or absence of the crack propa-
gation path. Only certain samples created with the 0/90° 
strategy lacked propagation, indicating poor interlayer 
adhesion and fracture toughness. Consequently, these 
samples exhibited a null fracture toughness as the crack 
immediately propagated during the preliminary phase of 
the tests. Specifically, all samples created with the extru-
sion multiplier set to 104% showed the crack propagation 
path, irrespective of the deposition speed used. In con-
trast, under the lower extrusion multiplier conditions (i.e., 
EM = 96% and EM = 100%), the sole deposition speed that 
led to crack propagation was 2000 mm/min, while under 
the other conditions (1000 mm/min and 4000 mm/min), a 
brittle fracture behavior was observed.

Conversely, all samples produced with the ± 45° strat-
egy exhibited a crack propagation path, highlighting the 
significant sensitivity of fracture toughness to the loading 
path, as depicted in Fig. 7. Notably, the 0/90° samples 

Fig. 5   Identification of the change in compliance starting from the load-crosshead displacement curve (a) and definition of the Δ factor for cal-
culating the critical energy release rate (b)
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revealed a substantial increase in fracture toughness with 
an increase in the extrusion multiplier from 96 to 104%. 
Additionally, the deposition speed significantly influenced 
the crack propagation behavior. Specifically, for EM = 96% 
and EM = 100%, the adoption of the lowest (1000 mm/
min) and the highest (4000 mm/min) deposition speeds 
resulted in no fracture propagation. However, under the 
intermediate deposition speed (2000 mm/min), the crack 
propagation path was observed, regardless of the extrusion 
multiplier used.

In the load-crosshead displacement curves of samples 
manufactured using the 0/90° strategy with a deposition 
speed of 2000 mm/min, an intriguing observation surfaced. 
Particularly, when the extrusion multipliers were set to lower 
values (EM = 96% and EM = 100%), the crack propagation 
path exhibited a distinct stepped decay pattern, depicted in 
the magnified illustration. This abrupt drop tended to dimin-
ish in samples printed with an EM of 104%, where the crack 
propagation displayed a smoother, more continuous decline. 
This behavior was attributed to the structural characteristics 

Fig. 6   Load-crosshead displacement charts obtained from the 0–90 
specimens tested related to the test matrix, with several extrusion 
multipliers (EM). The transparent curves represent the initial crack 

opening, while the sharper curves correspond to the stable propaga-
tion phase. For each testing condition, just two curves S1 and S2 were 
reported
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of the samples and the filament arrangement concerning the 
loading path. Samples created with lower extrusion multipli-
ers demonstrated wider gaps between consecutive filaments, 
leading to a load drop as the crack traversed a filament per-
pendicular to the load (90° filaments), as can be noted in 
Fig. 8. Conversely, an increase in the extrusion multiplier 
resulted in narrower gaps between filaments, fostering a 
more consistent load decay.

Conversely, in the samples produced with the ± 45° strat-
egy, the stepped pattern was consistently absent. Regardless 
of the deposition conditions, the crack opening exhibited a 
continuous decay in load. Indeed, in samples created with 

the ± 45° strategy, no filament was perpendicular to the crack 
propagation direction, enabling a more uniform load distri-
bution along the filaments and preventing the stepped decay 
observed in the 0/90° samples.

Based on the analysis of force–displacement curves and 
observations of crack propagation, the computation of the 
energy release rate was conducted utilizing the modified 
beam theory equation (Eq. 8), following the methodology 
outlined in Sect. 3. Figures 6 and 7 were generated based 
on the approach illustrated in Fig. 5. It is crucial to empha-
size that all specimens that completed both stages of the 
test showcased two distinct curves: the transparent curves 

Fig. 7   Load-crosshead displacement charts obtained from the ± 45° specimens tested related to the test matrix. The transparent curves represent 
the initial crack opening, while the sharper curves correspond to the stable propagation phase
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Fig. 8   Fracture surface of specimens produced with varying the extrusion multiplier a EM = 96%, b EM = 100%, and c EM = 104%

Fig. 9   Influence of the process parameters (extrusion multiplier and deposition speed) on GIc using different deposition strategies: a 0/90° and 
b ± 45°
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represent the initial crack opening, while the sharper curves 
correspond to the stable propagation phase. Notably, the 
0/90° specimens exhibited brittle behavior during the initial 
crack propagation in multiple samples, with some display-
ing out-of-plane crack propagation relative to the nominal 
direction introduced during the MEX process. Consequently, 
this led to the inability to compute GIc and subsequent test 
failure in certain cases, as depicted in Fig. 9. In contrast, 
the ± 45° deposition strategy induced increased plasticity 
during the initial crack displacement, likely owing to the 
path orientation between consecutive layers. Another key 
difference between the two specimen types is apparent in 
the crack propagation region depicted on the load-crosshead 
displacement charts in Figs. 6 and 7. As reported in [16], 
the ± 45° samples exhibited a consistent release of fracture 
energy during the propagation phase, while the 0/90° sam-
ples showed load drops associated with crack propagation 
through consecutive filaments.

The results reported in Fig. 9 are also summarized in 
Table 4.

3.2 � Fracture surface analysis by optical microscopy

Contrary to initial expectations, the increase in the extrusion 
multiplier did not yield a consistent rise in fracture tough-
ness. The higher flow rate of extruded material was antici-
pated to enhance pressure and heat transfer on the underly-
ing layers, thereby fostering improved interface adhesion. 
This was attributed to the more effective rearrangement of 

polymer chains between overlapping filaments in two con-
secutive layers. Notably, the investigation of the four depo-
sition conditions was extended through microscopic analy-
sis utilizing a LEICA M205A stereoscope, as depicted in 
Fig. 10.

Surprisingly, specimens produced with an extrusion 
multiplier of 104% displayed weak adhesion, as clearly dis-
cernible in Fig. 10b and d. These images illustrate exten-
sive areas where the initial crack propagates with a simple 
detachment between the two overlapping layers. Notably, 
the magnified images of the repetitive unit cell (RUC) indi-
cate that the filaments deposited between successive layers 
remained largely intact, with only sporadic regions offering 
higher resistance to crack progression. These areas are dis-
tinguished by brighter regions compared to the original fila-
ment color, albeit visible only partially in the RUCs and the 
entire adhesion region in these two images. Conversely, the 
images in Fig. 10a and c demonstrate that the filaments of 
one layer were dragged by the overlying layer. These images 
reveal substantial damage not only at the interface but also 
internally within the single layer; this confirms the higher 
load-bearing capacity of these samples. In both the RUC and 
the overall view, these images appear notably brighter than 
those in Fig. 10b and d, likely owing to the superior resist-
ance to defect propagation exhibited by components with an 
extrusion multiplier of 100%.

3.3 � Thermal analysis

The infrared image acquired during printing is depicted 
in Fig. 11a, revealing distinct regions such as the hot-end, 
extruded material, and the sample.

To discern and quantify temperature variations between 
samples produced under different processing conditions, 
a measurement point was designated on the upper surface 
of the sample. Figure 11b compares the thermal histories 
recorded during two depositions at a constant speed of 
1000 mm/min and an extrusion angle of ± 45°. Tempera-
ture trends displayed peaks of approximately 210 °C as 
the hot-end traversed the measurement point, followed by 
a rapid decrease. Notably, these temperature peaks were 
consistent for both EM = 100% and EM = 104%. However, 
a significant discrepancy was observed in the substrate 
temperature. For EM = 100%, the mean substrate (underly-
ing layer) temperature was approximately 59 °C, while for 
EM = 104%, it rose to almost 70 °C.

A detailed examination of the temperature history dur-
ing layer deposition is presented in Fig. 11c. It is evident 
that the use of a higher extrusion multiplier (EM = 104%) 
resulted in a slower cooling rate and higher average tem-
perature compared to the adoption of a lower extrusion 
multiplier (EM = 100%). This behavior can be attrib-
uted to the increased flow rate with higher EM values, 

Table 4   Experimental results from mode I tests

Deposition 
strategy

Printing speed 
(mm/min)

EM (%) Average 
GIc (kJ/m2)

σ GIc (kJ/m2)

1000 96 0 0
100 0 0
104 5.16 2.74

0/90 2000 96 2.66 0.07
100 3.19 0.36
104 3.04 0.91

4000 96 0 0
100 3.22 0.08
104 3.73 0.51

1000 96 0 0
100 7.58 0.04
104 2.44 0.25

 ± 45° 2000 96 3.10 0.45
100 4.85 0.94
104 3.85 0.65

4000 96 3.36 0.05
100 3.22 0.08
104 3.16 0.96
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consequently augmenting thermal inertia and leading to 
reduced cooling rates and elevated average temperatures, 
in contrast to the conditions observed with EM = 100%. 
However, it has to be pointed out that an increase in EM 
may lead to an incomplete melting.

3.4 � DMA and DSC analysis

These samples were subsequently further analyzed through 
additional techniques. Figure 12 shows the DMA analyses 
conducted on the specimens obtained with different EMs, 
100 and 104, in terms of storage modulus and tan d, which 
represents the ratio between loss and storage modulus.

The specimen obtained with EM = 100% shows a slightly 
lower storage modulus (at the lower temperatures) and a 
higher glass transition temperature (see also the maximum 
value of tan d) than the specimen obtained with EM = 104%. 

The storage modulus decreases when the temperature 
reaches the values of the glass transition; however, after the 
minimum, it increases again, due to the incoming crystal-
lization. The specimen obtained with EM = 100% shows 
a higher storage modulus increase; this may be due to a 
smaller crystallinity degree achieved during the deposition 
process. Conversely, the specimen obtained with EM = 104% 
shows a smaller increase in the storage modulus after the 
minimum value, suggesting a higher crystallinity degree 
achieved during the deposition process. The higher values 
of the crystalline degree of the specimen obtained with 
EM = 104% could be due to both slower cooling rate during 
deposition (see Fig. 10c) and the presence of nuclei due to 
incomplete melting. Figure 13a, related to the calorimetric 
analyses of the 3D printed parts, confirms this assumption.

The calorimetric analysis conducted on the filament 
revealed a high crystalline degree. The calorimetric analyses 

Fig. 10   Fracture surface observed through optical microscopy of samples made under reference deposition conditions: a v = 1000  mm/min, 
EM = 100%; b v = 1000 mm/min, EM = 104%; c v = 2000 mm/min, EM = 100%; d v = 2000 mm/min, EM = 104%
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on 3D printed parts show, for both EMs, exothermic peaks 
ascribable to the cold crystallization arising during the anal-
ysis. Such an exothermic peak confirms that the fast cooling 

occurring during the process leads to the formation of mostly 
amorphous parts. Interestingly, the endothermic peak due to 
the melting moves toward lower temperatures for the parts 

Fig. 11   a IR temperature maps acquired during the deposition of the samples, b temperature history at the measurement point (on the top sur-
face of the sample) under different deposition conditions, and c temperature history during the deposition of a single layer

(a) (b)

Fig. 12   DMA analysis conducted on the specimens obtained with different EMs. a Storage moduli and b tan d
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produced by MEX. This could be ascribed to the formation 
of a different crystalline phase during the process [30]. DSC 
analyses essentially confirm what has been found by DMA 
analyses: the part obtained with EM = 104% shows a higher 
crystalline degree than the part obtained with EM = 100%. 
Figure 13b shows the ATR spectra of 3D printed parts and 
the filament in the range 1300–1160 cm−1. Two character-
istic peaks can be detected: at 1210 cm−1, related to C–O–C 
stretching vibration of the carbonyl group, characteristic of 
the crystalline phase, and 1270 cm−1, characteristic of the 
amorphous phase [31]. 3D printed parts show higher inten-
sity of the peak characteristic of the amorphous phase, con-
sistently with those already observed from DSC analyses. 
Parts obtained with EM = 100% show a higher amount of 
amorphous phase than the parts obtained with EM = 104%. 
It must be noticed that ATR reveals information about the 
external part of the deposited layer, whereas DSC analysis is 
averaged on the whole specimen. Even if related to different 
areas of the deposited layer, the analyses are consistent and 
confirm that EM = 104% leads to slightly higher crystallinity.

SEM analyses allow us to investigate structures present 
in the part at the delamination (see Fig. 14).

SEM micrographs clearly reveal that delamination 
induces the detachment of adjacent layers and that the 
extension of the detached area depends on the extru-
sion multiplier: for EM = 100%, a larger detached area 
was observed. Furthermore, the detached area of the part 
obtained with EM = 104% was smoother than the one 
observed for the part obtained with EM = 100% (compare 
Fig. 14a and b); this is a clear indication that the increase 
of EM to 104% led to weaker adhesion. Figure 14d shows 

the presence of ordered structures, probably due to the 
presence of spherulites, on the surface of the deposited 
layers, such a finding is consistent with a higher crystal-
linity degree for the part obtained with EM = 104%.

Crossing the information provided by different anal-
yses, it was hypnotized that for the part obtained with 
EM = 104%, the crystallization must occur before the 
polymer chain could diffuse at the interface between adja-
cent layers, hindering any additional diffusion. In the case 
of the part obtained with EM = 100%, crystallization was 
slow enough to allow a significant polymer chain diffusion 
at the interface, leading to a stronger adhesion. The higher 
crystallinity degree of the parts obtained with EM = 104% 
can be ascribed to the presence of small crystals already 
at the exit of the liquefier which makes the crystallization 
process faster, limiting, therefore, the rearrangement of 
polymer chains at the interface.

4 � Discussion

The investigation into the impact of deposition strategy, 
encompassing material flow and travel speed, on inter-
layer adhesion in the material extrusion (MEX) process 
has yielded significant insights. The MEX process, while 
celebrated for its efficiency and versatility, hinges on the 
cohesive strength of interlayer bonds to ensure mechanical 
integrity. The experimental tests from the study, employing 
mode I fracture toughness as a pivotal parameter, shed light 
on the nuanced interplay between deposition parameters and 
the resultant interlayer adhesion.

(a) (b)

Fig. 13   a DSC analyses and b ATR spectra for the specimens obtained with different EMs. The analyses of the filament are also reported for 
comparison
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The observed trend indicates a profound influence of 
material flow rate on interlayer adhesion. Optimal material 
flow facilitates consistent layer bonding, minimizing the 
potential for voids or irregularities. The obtained results 
revealed unanticipated trends. An increase in the extrusion 
multiplier, which correlates with a reduction in void dimen-
sions, is anticipated to enhance deposition toughness. Con-
versely, the highest energy release rate was observed at a 

deposition speed of 1000 mm/min (the minimum deposition 
speed used) and 100% infill (representing the intermediate 
infill percentage). Under these conditions, with filaments 
oriented at ± 45°, the energy release rate GIc reached 7.5 kJ/
m2. However, the same deposition conditions resulted in sig-
nificantly weaker deposition when the filaments were ori-
ented at 0/90° relative to the sample direction.

Fig. 14   SEM micrographs obtained with two magnifications, × 250 (a, b) and × 1000 (c, d), for the parts obtained with 100 and 104 EM, after 
the delamination test
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A balanced approach, yielding a high energy release rate 
for both 0/90° and ± 45° loading directions, was achieved 
with a deposition speed of 2000 mm/min and an interme-
diate infill percentage of 100%. This finding suggests that 
the highest infill percentage does not necessarily provide 
the optimal solution. Fracture surface analysis indicated 
weaker interlayer adhesion with an extrusion multiplier set 
at 104% compared to 100%. Temperature analysis during 
the MEX process revealed significant differences in mean 
temperature associated with varying extrusion multipliers. 
Additionally, higher printing speeds and increased material 
flow (via higher extrusion multipliers) may result in incom-
plete filament melting. This incomplete melting can contrib-
ute to increased crystallization during deposition, originat-
ing from existing crystalline regions in the filament. Such 
crystallization is detrimental as it can impede molecular 
chain mobility, thereby reducing interlayer molecular chain 
entanglement.

The intricate link between travel speed and interlayer 
adhesion was elucidated. Slower deposition speeds exhib-
ited a positive correlation with enhanced interlayer bond-
ing, aligning with the fundamental principles of the material 
extrusion process. The travel speed influences the melting 
degree reached by the polymer inside the extruder through 
the residence time. The higher the travel speed, the shorter 
the residence time is. This leads to an incomplete melting 
that induces faster solidification [28]. Cakmak et al. [29] 
demonstrated that polymer chains have to experience high 
temperatures (above the melting temperature) for time suf-
ficiently long to allow complete melting. In the case of 
semicrystalline polymers, the presence of crystalline nuclei 
would yield a “self-seeding” effect that would enhance the 
crystallization kinetics during deposition.

On the other hand, higher travel speeds led to diminished 
interlayer adhesion, emphasizing the significance of finding 
an equilibrium between efficiency and structural integrity.

The material flow, which was varied through the extru-
sion multiplier, also showed a strong influence on the inter-
layer adhesion. This effect was more pronounced in sample 
printed at lower deposition speeds. Under such conditions, 
the adoption of higher extrusion multiplier yielded to weaker 
interlayer adhesion even though it yielded higher mean tem-
peratures of the substrate. This effect was addressed to two 
phenomena: incomplete melting of the crystalline phase 
within the filament and the possible development of crystal-
line phase during the deposition owing to different cooling 
rates.

Identifying these dependencies underscores the critical 
importance of optimizing deposition strategies. Neglect-
ing this equilibrium could result in compromised mechani-
cal properties and structural reliability, impacting various 
industries reliant on additive manufacturing. By fine-tuning 
deposition strategies, manufacturers can enhance product 

quality, reduce failure risks, and foster the adoption of addi-
tive manufacturing for critical applications.

Even though the adoption of IR thermography enabled 
to determine the temperature gradients and variation dur-
ing the deposition, this technique involved a technical dif-
ficulty to determine the cooling rates at the layer interface. 
Indeed, these are the regions that primarily influence the 
interlayer adhesion. In addition, even though the DSC ena-
bled to identify crystalline regions, this analysis tended to 
average (through the melting enthalpy) the crystalline per-
centage between the layer core (where slower cooling rates 
take place) and that developed at the layer surface.

This research contributes to establishing foundational 
principles for achieving superior interlayer bonding, ulti-
mately advancing the reliability and applicability of MEX-
produced components. Further research avenues may involve 
exploring additional fracture toughness modes and inte-
grating advanced computational simulations to deepen our 
understanding of interlayer adhesion mechanisms in addi-
tive manufacturing. At the light of the above-mentioned 
limitations, extensive characterization campaigns are still 
required, given a specific material, to determine the optimal 
deposition conditions that allow to maximize the interlayer 
adhesion. This indicates that more efforts are still required 
to set up an experimental procedure (maybe integrated with 
numerical models of the thermal history during the deposi-
tion) that enables to predict with high accuracy of the inter-
layer adhesion properties based on the selected deposition 
conditions. In addition, the results pointed out the great rel-
evancy of the unmolten crystalline phase after the extrusion 
that depends on the material flow and that may hinder the 
interlayer adhesion. Thus, further studies should be con-
ducted to determine how the material flow and temperature 
of the extruder influence the percentage of the unmolten 
material and consequently the crystalline phase.

5 � Conclusions

This study focused on investigating the interplay between 
deposition strategy, including material flow and travel 
speed, and its impact on interlayer adhesion. Through 
experimental tests utilizing mode I fracture toughness 
tests, insights were gained into the critical relationship 
between deposition parameters and the resulting adhe-
sion strength. The findings underscore the significance of 
meticulous parameter control to achieve optimal interlayer 
bonding. This understanding contributes to advancing the 
efficacy and reliability of additive manufacturing pro-
cesses, fostering enhanced component integrity in various 
applications. The main results from the study are sum-
marized as follows:
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•	 The alternate deposition strategy of ± 45 resulted to be 
more reliable than the 0/90. In average, the values of 
the fracture toughness are higher for all the different 
analyzed cases.

•	 The 0/90 deposition strategy requires the highest values 
of the extrusion multiplier (104%) to obtain a compli-
ant interlayer bonding. In any case, an improvement 
of the fracture toughness was monotonically observed 
with the diminishing of the printing speed. For a value 
of the EM = 104%, the maximum value of the obtained 
GIc was equal to 5.16 kJ/m2, obtained with a feed rate 
of 1000 mm/min.

•	 Reducing the printing speed had a positive impact on 
the bonding between consecutive layers. Indeed, for 
a value of the EM = 96%, only specimens printed at 
the flow rate of 2000 mm/min were allowed to obtain 
results from the mode I tests in the case of the 0/90 
deposition strategy. The obtained average value for the 
fracture toughness is 5.2 kJ/m2.

•	 Specimens printed with a ± 45 layers’ orientation 
showed the highest GIc for an EM of 100%. In this 
case too, the highest average value of the fracture 
toughness is 7.6 kJ/m2, obtained at the printing speed 
of 1000 mm/min. The values of EM of 96% and 104% 
show similar results for this category of specimens, 
with average values approximately close to 3.5 kJ/m2.

•	 The adoption of an extrusion multiplier EM = 104% 
led to weaker fracture toughness as compared to the 
samples printed with EM = 100%. This was due to 
higher crystallinity observed in samples made with 
EM = 104% which significantly hindered molecular 
entanglement between layer interfaces.

•	 The adoption of filaments with crystalline phase may 
be detrimental especially when printing at high mate-
rial flow rates (e.g., high printing speed and extrusion 
multipliers). Indeed, the incomplete melting of the fila-
ment and the presence of the crystalline phase during 
the material deposition may hinder the molecular chain 
mobility, and consequently, it may reduce the interlayer 
chain entanglement and interlayer adhesion.
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