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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/RobinDelbart Fused Filament Fabrication is an Additive Manufacturing method that can produce bespoke components due to

the high number of printing parameters available. Each of them plays a significant role in the final mechanical

Kem (.)rdS: . properties of the 3D printed device. This study aimed to uncouple the role of the mesostructure and crystallinity
Additive manufacturing N . N . . o

Crystallinity in the final mechanical performance of carbon black/PLA 3D printed samples as a function of the printing
Mechanical response parameters. A thermodynamic model was developed to determine the influence of printing parameters, such as
Modelling nozzle diameter and layer height, in the final crystallinity. Specimens were mechanically tested under uniaxial

tensile loads to determine the main deformation and failure mechanisms and results showed that samples were
strongly influenced by the printing direction. Furthermore, the nozzle diameter played a significant role in the
mesostructure and failure mechanisms, resulting in large differences in ductility for samples printed at raster
direction 45°. It was also found that the layer height had a strong influence on the temperature profile and the
resulting crystallinity. The importance of crystallinity over porosity to improve the ductility of the material
is a substantial contribution to the current state of the art. This work provides the basic fundamentals to
manufacturing 3D printed components with tailored mechanical properties for specific loading conditions.

1. Introduction

Additive manufacturing (AM) is an affordable process that allows
the production of complex shapes with minimal waste compared to the
classic subtractive manufacturing processes [1]. The most widespread
manufacturing method is Fused Filament Fabrication (FFF), also called
Fused Deposition Modelling, where a solid material (usually a raw
filament) is pushed through a hot nozzle at a temperature above glass
transition temperature but under melting temperature. Subsequently,
the quasi-melted filament is deposited on the bed sheet layer by layer
building the part from the bottom to the top [2]. This method allows
printing with a large range of materials which includes thermoplastic
polymers [3], metal matrix composites [4-6], ceramic [7] or natural
fibre-reinforced composites [6,8,9].

The mechanical response of FFF semi-crystalline polymer compo-
nents depends on the degree of crystallinity and the internal mesostruc-
ture, composed of a repeatable sequence of filaments and voids. At the
same time, both of them are established by the printing parameters.
The current literature reports the influence of the printing parameters
in the mechanical response as a function of the internal mesostructure,
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and neglects completely the role of crystallinity. For instance, reported
analysis for 3D printed PLA include the influence of the printing
angle [10,11], layer thickness [12-14], infill percentage (also called
infill density) [15,16] or printing speed [17,18]. Those studies focused
on the correlation between void content and mechanical properties, and
do not take into consideration the coupled role of the thermal history
and the crystallisation rate. Crystallinity has an important impact on
material properties such as stiffness and strength, and is also directly
linked to those printing parameters. Further efforts to uncouple the
role of thermal history and mesostructure are needed to develop a
full understanding of the physical phenomena involved during the 3D
printing process.

Numerical and analytical models have been employed to provide
additional understanding of the physics involved, however, modelling
the whole FFF process is a challenging multidisciplinary task that in-
volves the combination of several numerical tools, from Computational
Fluid Dynamics to Finite Element Analysis. Currently, there is a lack of
holistic simulation frameworks that can cover all the different stages
of FFF. In summary, the numerical/analytical studies available focus
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on (a) the melting of the filament in the nozzle and the prediction
of the deposition temperature [19-22], (b) the flow simulation of the
deposited filament [23,24], (c) the welding between filaments [25-
28], (d) the thermal exchange between the previously deposited layer
and the deposited one [29-31], and (e) the prediction of the degree of
crystallinity of semi-crystalline polymers [32]. Due to the complexity
of each building block, the models available in the literature combine
up to three of the previous physical mechanisms. For instance, several
authors have developed models to predict the degree of crystallinity of
polymers such as PLA, PAEKs or PEEK [29,30,33], but they considered
a constant deposition temperature at the nozzle hot-end, simplifying the
outcomes from previous investigations that prove the melting process
results in a heterogeneous temperature profile at the hot-end of the
nozzle [19]. These differences in deposition temperature can drastically
modify the crystallinity of deposited polymers and affect the mechan-
ical properties of 3D printed parts [34]. These simplifications limit
the applicability of the numerical modes to specific printing setups,
since they cannot fully decouple the role of the mesostructure and the
crystallinity for a set of printing parameters. This has a detrimental
impact on the overall design exercise of 3D printed components, and
hinders the optimisation of the mechanical response for structural
applications.

This paper presents an experimental and numerical approach to
determine the impact of different printing parameters (printing angle,
layer height and nozzle’s diameter) in the final mechanical response of
3D printed carbon black particle/PLA as a function of the mesostructure
and the degree of crystallinity. Anisotropic mechanical properties in
terms of stiffness, strength, and strain to failure are characterised for
each set of parameters. Fractographies are employed to shed light into
the different failure modes triggered. A numerical model is introduce to
determine the role of the thermal history and predict the crystallinity
of each configuration. To increase the accuracy of reported approaches,
this model estimates the temperature of the filament during the melting
process inside the nozzle and simulates the heat transfer process during
FFF afterwards. That information is combined with the crystallisation
kinetics to obtain the crystallinity degree of each material point. This
investigation provides the basic fundamentals to design 3D printed
components with tailored mechanical properties for different loading
conditions.

2. Material & methods
2.1. Materials and manufacturing

The material selected for this study is a commercial Polylactic Acid
(PLA) filament with the brand name Proto-Pasta supplied by the com-
pany Protoplant. The filament is based on the Natureworks 4043 PLA
polymer reinforced with carbon black (CB) particles. This material was
selected due to its suitability for multifunctional structural applications.
The PLA/CB filament is a multifunctional Shape Memory Polymer that
offers: (i) high stiffness at room temperature, (ii) a glass transition
temperature within an operational range for aerospace applications and
(iii) high electrical conductivity. This makes it suitable for a large range
of applications, including 4D-printed devices with superior load bearing
capacity and additional functionality [35,36].

The specimens were manufactured by a Prusa i3 MK3S FFF printer.
A hot-end temperature of 225 °C and a printing bed temperature of
60 °C were used as recommended by the manufacturer, with a fix depo-
sition velocity of 30 mm/s. Two different nozzle diameters were chosen
(0.4 and 1 mm) at 100% extrusion ratio. Furthermore, different layer
heights of 0.05, 0.1 and 0.2 mm were selected. Moreover, three differ-
ent printing angles were studied, following two protocols, ASTM D638
for the printing angle +45° with respect to the loading direction and
ASTM D3039 for the 0° and 90° according to Fig. 1. One perimeter
layer was included. All specimens had the same thickness of 3.2 mm.
This testing matrix included the parameters with a higher impact on the
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mechanical performance, and provided sufficient experimental results
to validate the theoretical model described in Section 3. Furthermore,
this set of printing parameters avoided the generation of bubble-like
effects [37]. Additionally, the samples were tabbed using epoxy glass
boards according to the ASTM D3039. The porosity was characterised
using an Archimedes density kit and a Denvwe SI-234 scale.

2.2. Mechanical characterisation

The quasi-static tensile characterisation was performed using an
MTS Criterion 45 Series 4 screw-driven frame following the ASTM
D6387 standard under stroke control at a cross head speed of
2 mm/min. Additionally, a 2D video extensometer was used to acquire
the local longitudinal and transverse strains. The polymer specimens
(black due to their carbon filler), were speckled with white paint to
enable contrast and capture the local strain field using an Imetrum
camera at 5 fps and 1392 x 1038 pixels resolution. The analysis was
performed with the software VIC 2D provided by Correlated Solutions.
Window size and distance were selected to provide at least 2600
tracking points per image. 5 specimens were tested per configuration
(layer height, printing angle and nozzle diameter). The force and
strain data were processed with a Python script to obtain the Young’s
modulus, the ultimate strength, and the elongation at break of every
sample.

Post-mortem specimens were inspected using a TM4000Plus Scan-
ning Electron Microscope (SEM) manufactured by Hitachi (Tokyo,
Japan) with a 15 kV accelerating voltage and a working distance
of 50 mm. The fractographies of the cracked surfaces were taken to
identify the failure modes of each configuration and see the welded
filament before failure, see Fig. 2.

2.3. Thermal characterisation

The particle content was determined by Thermal Gravimetric Analy-
sis (TGA). TGA was conducted in a nitrogen atmosphere using a Mettler
Toledo TGA/DSC 1 at a heating rate of 10 °C/min in the temperature
range 30 to 600 °C. TGA curves and derivatograms were recorded to
obtain the loss of weight with the evolution of the temperature.

The thermal properties were investigated by Differential Scanning
Calorimetry (DSC). The characterisation was carried out in a nitrogen
atmosphere using a PerkinElmer DSC 8000. Prior to testing, each
specimen was weighted and placed in an aluminium pan, sealed with an
aluminium cover. The specimen temperature was stabilised at 30 °C for
5 min and then heated up to 220 °C (above the melting temperature)
at a constant rate of 10 °C/min. This analysis provided the thermo-
gram curves (heat flow as a function of temperature) to identify the
glass transition temperature, the cold crystallisation temperature and
the melting temperature. The degree of crystallinity was calculated
according to eq (1) [38]:

| AH, — AH,
w  AH?

.= : €
where AH,, and AH, are the enthalpies of fusion and cold recrystalli-
sation of the specimen respectively and AH,?1 is the enthalpy of fusion
for 100% crystalline PLA, taken from the literature as 93 J/g [39]. w
stands for the PLA mass fraction obtained from the TGA and normalises
the result considering the percentage of carbon black particles in the
material [40].

Moreover, the crystallisation speed has been investigated within
the cold recrystallisation range. Samples extracted from the raw PLA
filament were heated above the melting temperature at 220 °C and
held for 5 min in order to delete the thermal history. Subsequently,
the samples were rapidly cooled in one minute at a fixed temperature
T (80 °C, 90 °C, 110 °C and 120 °C) to ensure they kept a fully amor-
phous structure. Afterwards, the temperature T' was held for 30 min to
determine the evolution of crystallinity over time.
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Fig. 1. Dimensions of the coupons used for the mechanical characterisation (both samples have the same thickness of 3.2 mm). (a) Samples for the 0° and 90° printing angles

(according to ASTM D3039) and (b) +45° printing angle (according to ASTM D6387).
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Fig. 2. Procedure to conduct the SEM fractography measurements after tensile testing on the crack surface..

The crystallisation speed Vx, (T(1) as a composite function of the
held temperature and time was determined according to:
0X. (T (1))
ot
where X, (T (1)) is the relative crystallinity, calculated according to the
method suggested by Su et al. [41] defined as:

Vx, T ®)=w ) (2)

[ H (T @) e

XTO)=—F—""""—",
JoF H (T () dt

3)

where H (T (1)) stands for the enthalpies and 7 is the final time.

3. Modelling

This section summarises the theoretical framework to predict the
crystallinity degree of each sample as a function of their unique thermal
history defined by the printing temperature, the geometry of the nozzle,
the printing speed and the layer height. This model aims to predict
the temperature of the filament since it is melted in the nozzle, during
deposition and until it reaches thermal equilibrium at the temperature
of the printing bed.

3.1. Theoretical model

A theoretical model is proposed to determine the thermal history of
the manufactured components and compute the crystallinity degree. It
provides: (i) the deposition temperature of the filament as a function of
the nozzle diameter (ii) the thermal interaction between the extruded
filament (hot) and those previously deposited and (iii) the time evo-
lution of the crystallinity degree for each material point. It should be
emphasised that the purpose of these analyses is not to reproduce with
high fidelity all the thermodynamic interactions during the printing
process, but rather to determine the physics involved and identify the
role of each parameter.

First, the melting of the filament in the nozzle is reproduced. The
main boundary conditions assume the entering filament is at room
temperature (e.g. 20 °C), the material in contact with the walls of the
nozzle is at the pre-selected printing temperature (e.g. 225 °C), and
the material at the centre of the nozzle is at its coldest temperature,
as suggested in [19]. The heat transfer is assumed radially through
conduction, i.e. the filament is heated from its external surface to its
centre and no heat transfer along the Z axis of a nozzle is considered.
Therefore, on each section of the nozzle, the thermal exchange is
described by the partial differential equation (PDE):

O*T(r,t) 10T(r,t) 10T(r,1)
+ - == ;
or? roor a ot

4
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where T(r,1) is the temperature in [K] of the filament at the distance
r in [m] from its centre and at the time ¢ in [s], and «a is the thermal
diffusion coefficient of the filament in [m?/s], constant along the length
of the nozzle and independent on the solid or fluid state of the polymer.

If the movement of the melted filament is considered laminar and
friction between the polymer and the walls of the nozzle is negligible,
all points on a horizontal section of the filament move at the same speed
towards the exit of the nozzle. This assumption implies that one can link
the time ¢ and the location z of a given section of the filament in the
nozzle with the following equation:

F
7R(z)?’
where R(z) is the radius [m] of the nozzle with respect to the location
z, and F is the volume flow rate [m3/s].

Then, by combining Egs. (4) and (5) with the initial boundary con-
ditions, the temperature of the filament, 7', with respect to its location
in the nozzle, (r, z), can be obtained. The temperature of the filament
at the end of the nozzle is used afterwards as input for the interlayer
heat transfer model. If the thermal exchange with the atmosphere due
to convection is neglected, and the heat transfer is assumed to be
performed vertically through the layers due to conduction, it can be
modelled by the following PDE:

0*T(z,1) _ 10T(z,0)

072 - Z or
where this time T'(z,t) is the temperature in [K] at the level z in [m]
of the printed material point at time 7 in [s]. If the printing velocity
is slow enough to ensure thermal equilibrium has been reached in the
previously deposited layers, the main boundary condition is imposed
by the temperature of the warm printing plate, i.e. previous layers are
initially at a constant temperature of 7,, = 60 °C. The transient
heat transfer as a function of the filament geometry can be introduced
through the Newton’s law of cooling [42,43]:

z=t1

(5)

(6)

T(z,t) =T, Y
L > 7
Tz0) T, 7
where b represents the cooling rate:
hy A
b= 8
e, ®)

where h; is the heat transfer coefficient, A is the heat transfer surface
area, V' is the volume of the filament, C, is the specific heat capacity
and p the density. Finally, the evolution of the temperature over time
of each material point, T (z,f), can be combined with the crystallisation
speed curves obtained experimentally by DSC to calculate the crystalli-
sation degree of the 3D printed polymer according to the expression:

tp
Xc(2) = / Vx, (T (z,0) dt (C)]
0
3.2. Implementation

The previous model has been implemented in the software Python.
The complete source code is available for download on GitHub!. All
the simulations have been run over 4 s, except the worst case scenario
(1 mm nozzle and 0.2 mm layer height) that has been run for a longer
period of time (10 s) to ensure thermal equilibrium is reached to
prove the assumptions of the model are reasonable. The PDEs have
been solved using the pdepe function solved with the odel5s solver
with a relative error tolerance of 10~5 [44,45] in combination with
the boundary conditions aforementioned and the following geometrical
dimensions and material properties.

The value of the thermal diffusion coefficient, a = 0.105 - 10~ m?/s
in Egs. (4) and (6) has been taken from the literature [46] considering

1 https://github.com/RobinDelbart
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Table 1
Value of the initial volume flow rate as a function of the layer height
and the nozzle diameter.

F (mm?/s) Layer height (mm)

Nozzle diameter (mm) 0.2 0.1 0.05
0.4 3.95 1.97 0.98
1.0 10.41 5.20 2.60

i 45 °
Sonemneenn i -1

Fig. 3. Nozzle dimensions used for the analytical model.

the carbon black particles have a negligible influence in thermal diffu-
sion [47]. The initial volume flow rate, F in Eq. (5), depends on the
nozzle diameter and the layer height and the values are summarised
in Table 1. The nozzle has been divided in 3 sections with different
diameters as illustrated in Fig. 3. The intermediate section has been
idealised by a cylindrical section where the diameter is the mean of
the top and bottom diameters. Dimensions are provided in Table 2.

A slower cooling rate was implemented in the interlayer welding
model for the smallest nozzle diameter (0.4 mm) according to:

T0A4 mm(Z’ t) - Too _ Tl mm(z’ t) - Too ebr

= 10
TO.4 mm(z’ 0) - Too Tl mm(z’ 0) - Tco
with
hy A A
b= r I mm _ 7204 mm) (11)
pcp Vi mm Vo4 mm

where A; 1 Vi mms> 404 mm& Vo4 mm Stand for the area and the volume
for the 1 mm nozzle and 0.4 mm nozzle respectively measured by SEM,
resulting in a final coefficient » = 0.0517 s~1.

To calculate the crystallinity as defined in Eq. (9), the continuous
temperature function T (z,t) obtained from the thermal model has been
transformed into a discontinuous step function T, (z,r) where the mean
temperature of the filament at the end of the nozzle has been rounded
to the nearest crystallisation speed curve experimentally characterised
by DSC. The integral of the composite function over time has been
solved numerically using a trapezoidal rule.

4. Results and discussion
4.1. Morphological characterisation
The 3D printed parts present a characteristic periodic mesostructure

defined by the filaments, the layers, their respective interfaces (inter-
and intra-layer) and voids, see Fig. 4(a). The term filament stands
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(b)

Fig. 4. Morphology of the 3D printed component. (a) Schematic view of two layers of thickness LH (layer height) and two adjacent filaments, their intra-layer (highlighted in red)
and inter-layer (highlighted in blue) interfaces. (b) SEM micrograph showing the welding differences for each interface. A lack of welding in the intra-layer interface is observed.

Table 2

Numerical value of the nozzle dimensions.

Cylinder Nozzle 0.4 mm 1 mm

1 R; [mm] 0.875 0.875
Z, [mm] 3.825 4.125

9 R, [mm] 0.5375 0.6875
Z, [mm] 0.675 0.375

3 R; [mm] 0.2 0.5
Z; [mm] 1.5 1.5

for the strands of polymer extruded and deposited, meantime the term
layer refers to the horizontal section composed of several filaments. The
layer height (LH) of the filament is equivalent to the thickness of each
layer. The intra-layer contact (highlighted in red in Fig. 4) refers to the
interfaces between adjacent filaments within a layer, and the inter-layer
contact (highlighted in blue in Fig. 4) stands for the interface between
layers. Voids are systematically located between the interfaces parallel
to the printing direction. As the nozzle deposits the melted polymer,
it reheats and welds the filaments, consolidating the interfaces. The
SEM micrographies show a total melting of the inter-layer interface, but
only a partial melting of the intra-layer contact, eventually presenting
no consolidation between adjacent filaments for low layer heights, see
Fig. 4(b).

Fig. 5 shows the void content of the specimens as a function of the
layer height, printing direction and the nozzle diameter characterised
using an Archimedes density kit and a scale. When printed with the
1 mm nozzle, large differences are appreciated as a function of the
printing angle, with significantly lower porosity when printed along the
0° direction. The porosity decreased with the layer height, however,
negligible differences were found for the samples printed at 90°. The
smaller nozzle exhibits an overall lower porosity. At lower diameters,
the polymer undergoes more compaction, due to the shear stress gradi-
ent between the nozzle and the bed, resulting in lower porosity. It can
be seen that the layer height also has an influence on porosity for all 0
degrees samples, with the lowest layer height leading to lower porosity.
This behaviour can also be explained by the difference in magnitude
of the shear stress gradient between the nozzle and the bed, which is
more severe when using a lower layer height. However, the effect of
layer height on porosity is less significant than the effect of the nozzle
diameter.

4.2. Mechanical properties

The mechanical response of the 3D printed carbon reinforced PLA
material was characterised as function of the layer height, printing
direction and nozzle diameter. The average values of the Young’s

Modulus, ultimate tensile strength (UTS) and elongation at break are
shown in Table 3.

Fig. 6 compares the stiffness of all the configurations against the the-
oretical value provided by the manufacturer (2.639 GPa). The largest
nozzle diameter (1 mm) provides a consistent stiffness regardless of
the printing angle and the layer height, close to the manufacturer’s
value. The difference between the highest average (layer height of
1 mm printed at 45°) and the lowest (layer height of 0.2 mm printed
at 0°) is only 0.3 GPa. Nevertheless, the smallest nozzle diameter
(0.4 mm) provides a heterogeneous result, with higher stiffness for
the 0° printing angle. Previous studies reported increased carbon
black reagglomeration for certain manufacturing conditions such as
increased temperatures [48-50]. The differences between both nozzle
diameters will be further studied by means of thermal and crystallinity
analysis in Section 4.4. Overall, for the smallest nozzle diameter, similar
stiffness is found for the samples printed at the raster direction 0°, and
a significant increment in stiffness with the layer height is observed
instead for the samples printed at the raster direction 90°. The deforma-
tion mechanisms of the samples and their impact on their mechanical
properties will be further analysed in Section 4.3.

Fig. 7 displays the average UTS and the standard deviation. Similar
trends are observed for both nozzle diameters, nevertheless, the layer
height influences the UTS differently according to the printing angle.
At 0° and 45°, the ultimate strength increases when decreasing the
layer height. In contrast, the opposite trend is observed with the
samples printed at 90°. Overall, a superior strength is obtained for the
specimens printed at 0°, replicated by the samples printed at 45° only
when manufactured with the biggest nozzle diameter (1 mm).

Fig. 8 shows the elongation at break. Similar trends are found
for both nozzle diameters, comparable to the trends of the ultimate
strength. The samples printed at 90° present a modest increment of
ultimate strain when increasing the layer height, and the opposite trend
is appreciated for samples printed at 0°, with a remarkable increment of
the ductility in the case of 0.05 mm layer height. The highest elongation
at break is registered for the 45° specimens when printed with the
smallest nozzle (0.4 mm) and a layer height of 0.1 mm.

4.3. Failure analysis and fractography

The response of the samples printed at 0° is consistent for both
nozzle diameters, see Fig. 9, despite the lower porosity of the sam-
ples printed with the smallest nozzle diameter (0.4 mm), see Fig. 5.
Analysing the results of both nozzle diameters individually, it is ob-
served the mechanical properties decrease with increasing the layer
height and the porosity, as expected when testing porous materials.
The differences between the mechanical responses for different nozzle
diameters will be further analysed by means of crystallinity analysis in
Section 4.4. Filament tensile failure is the intrinsic failure mode of this
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Porosity 1 mm nozzle
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Porosity 0.4 mm nozzle

20.0 20.0
Il 0 Degrees I 0 Degrees
17.54 Il 90 Degrees 17.54 I 90 Degrees
15.0 4 15.0 4
§ 12.54 g 12.54
= oy
4 10.0 1 4 10.0 A
g g
& 7.5 a 7.5
5.0 4 5.0 A
2.51
0.0-

0.1
Layer height (mm)

0.1 0.2
Layer height (mm)

Fig. 5. Porosity (%) as a function of the printing direction and the layer height. (a) 1 mm nozzle diameter and (b) 0.4 mm nozzle diameter.

Table 3

In-plane tensile mechanical properties of the Protopasta filament as function of the printing angle, the nozzle diameter and the layer height.

Printing angle

0° 45° 90°
Nozzle diameter
1 mm 0.4 mm 1 mm 0.4 mm 1 mm 0.4 mm
0.2 mm 30.02 29.61 30.35 19.68 17.07 11.89
Ultimate strength (MPa) 0.1 mm 32.21 30.29 31.50 21.07 16.29 7.34
0.05 mm 36.56 34.38 36.23 29.54 9.38 3.46
0.2 mm 0.0229 0.0204 0.0231 0.0307 0.0092 0.0071
Elongation at break 0.1 mm 0.0216 0.0236 0.0236 0.0391 0.0084 0.0061
0.05 mm 0.0369 0.0373 0.0265 0.0337 0.0072 0.0053
0.2 mm 2.301 2.474 2.468 1.593 2.433 2.07
Young’s modulus (GPa) 0.1 mm 2.600 2.543 2.682 1.437 2.494 1.869
0.05 mm 2.490 2.274 2.543 1.973 1.170 2.433
Nozzle 1 mm Nozzle 0.4 mm
40 40
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Fig. 6. Young’s modulus (GPa) as a function of the printing direction and the layer height. (a) 1 mm nozzle diameter and (b) 0.4 mm nozzle diameter.

printing direction, although depending on the layer height it results in a
brittle or a ductile fracture. Fig. 10 compares the brittle fracture surface
of the 0.2 mm layer height specimen, and the ductile fracture surface of
the thinnest layer height, 0.05 mm. The difference in ductility cannot
be justified by the 3D printed mesostructure and, therefore, subsequent
crystallinity analysis will be conducted in Section 4.4.

The specimens printed at 90° present a poor mechanical response.
The stiffness, strength and strain to failure are directly proportional to
the thickness of the layer height and the best performance is found
when printing with the biggest nozzle diameter of 1 mm despite the
higher porosity, see Fig. 11.

The fracture surfaces have been inspected by SEM and the fractogra-
phy analysis shows all the specimens fail due to intra-layer debonding,
resulting in a brittle failure mode. The intra-layer is the weakest
interface of the 3D printed component due to the systematic location of
the voids and the eventual lack of welding between adjacent filaments,

see Fig. 4, in agreement with previous findings [27]. Figs. 12 and
13 analyse the fracture surfaces (highlighted in red colour) for the
biggest nozzle diameter (1 mm) and the different layer heights (0.2
and 0.05 mm respectively). The mechanical properties are directly
proportional to the extension of the fractured area, which increases
with the layer height and nozzle diameter. In the case of the thickest
layer height (0.2 mm, see Fig. 12), weldlines are consistently formed at
each layer, resulting in the best mechanical performance. Nevertheless,
for thinner layer heights, the experimental width of printing is lower
than the theoretical value, hence weldlines are not formed on each
layer. As a result, large voids appear in the intra-layer and samples
exhibit premature failure, with particularly poor mechanical properties
in the case of the thinnest layer height, 0.05 mm, see Fig. 13.

The samples printed at 45° present a different response depending
on the nozzle size. Fig. 14 shows the representative stress vs strain
curves. The specimens printed with the biggest nozzle (1 mm diameter)
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Fig. 7. Ultimate tensile stress (MPa) as a function of the printing direction and the layer height. (a) 1 mm nozzle diameter and (b) 0.4 mm nozzle diameter.

Nozzle 1 mm

Nozzle 0.4 mm

5 5
BN 0 Degrees EEE 45 Degrees M 90 Degrees HEEN 0 Degrees WM 45 Degrees M 90 Degrees
4 4 -
£ 31 £3
p g
I n
u u
E 2] £ 2
F=] E
- -
11 1
0- 0

0.05 01 0.2
Layer height (mm)

01 0.2
Layer height (mm)

Fig. 8. Ultimate strain (%) as a function of the printing direction and the layer height. (a) 1 mm nozzle diameter and (b) 0.4 mm nozzle diameter.

1 mm nozzle printed at 0°

35 i
30 7
//
& /
=2 ‘
a /
p
R /
F/
10 / i LH 0.2 mm
. 4 LH 0.1 mm
LH 0.05 mm
0 . ; . ; . . . .
00 05 10 15 20 25 30 35 40 45
Strain (%)

0.4 mm nozzle printed at 0°

354
™~
30 ~,
]
_ 25
& 4
=2 i
A
[
g5 |
10 LH 0.2 mm
5 LH 0.1 mm
LH 0.05 mm
0 T T r r r T T r
0.0 05 10 15 20 25 30 35 40 45
Strain (%)

Fig. 9. Representative stress—strain curves for the samples printed at 0° with different nozzle diameters: (a) 1 mm and (b) 0.4 mm.

present a brittle fracture surface. As per samples printed at 0°, the
thinner layer heights result in lower porosity and higher mechanical
properties (stiffness, strength and strain to failure). In comparison, the
specimens printed with the smallest nozzle (0.4 mm diameter) show an
elasto-plastic response with a higher elastic compliance. The highest
stiffness and strength are registered for the thinnest layer height of
0.05 mm.

The differences in mechanical response are a result of the defor-
mation and failure mechanisms triggered during the loading process
for each configuration. In the case of the specimens printed with the
biggest nozzle diameter (1 mm), the behaviour is driven by two main
failure mechanisms: (i) intra-layer debonding and (ii) filament brittle

tensile failure. A homogeneous strain distribution is exhibited until 2%
of deformation when intra-layer debonding is triggered, see Fig. 15.

As the elongation progresses, the tensile strength of PLA is over-
taken resulting in the final failure of the specimen. Fig. 16 shows
the SEM fractography and the crack path, formed by a succession of
filament debonding and tensile rupture. The relatively large width of
the filaments (1.2 mm) promotes through-thickness crack propagation,
minimising the fracture surface.

In the case of the specimens printed with the smallest nozzle diam-
eter (0.4 mm), there is one additional failure mechanism to consider:
through-thickness inter-layer debonding. The large compliance appre-
ciated in the stress-strain curves, see Fig. 14(b), is a result of the higher
number of interfaces and the lower welding capacity of these printing
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Fig. 14. Representative stress—strain curves for the samples printed at 45° with different nozzle diameters: (a) 1 mm and (b) 0.4 mm.

parameters. Fig. 17 shows the DIC full-field of the strain along the
loading axis. The first failure mechanisms, intra-layer and inter-layer
debonding, are triggered at 2.18% of deformation. As a result, detached
filaments tend to rotate and align towards the loading direction without
increasing the external force applied. The final failure of the specimen
happens due to filament brittle tensile failure. A longer crack path is
generated for this configuration as a result of the interlayer debonding,
see Fig. 18.

4.4. Thermal properties, history and crystallinity

Fig. 19 shows the DSC thermograms of the 3D printed samples and
the as-received raw filament. Three characteristic temperatures can be
distinguished: (i) the transition temperature, T, (57.54 °C and 60.89 °C
for the samples printed with the 1 mm nozzle and the 0.4 mm nozzle
respectively regardless of the layer height), (ii) the cold crystallisation
exotherm peak, 7, (103.33 °C and 105.86 °C for the 1 mm and 0.4 mm
nozzles respectively) and (iii) the melting peak, 7,, (153.65 °C and
154.57 °C for the 1 mm and 0.4 mm nozzles respectively). The crystalli-
sation rate has been calculated considering a weight percentage of PLA
w = 0.56 determined by TGA. Table 4 resumes all the crystallisation
rates as a function of the layer height and nozzle diameter.

The peak temperatures are quite homogeneous for all the layer
heights. The cold recrystallisation and melting temperatures are in
agreement with the conventional values reported for PLA, within the
100-130 °C and 120-180 °C ranges respectively [51]. The as-received
raw filament presents a fully amorphous structure characteristic of PLA

Table 4
Degree of crystallinity for 1 mm and 0.4 mm nozzle diameter samples at different layer
heights at raster direction 0°.

Layer height (mm) 0.05 0.1 0.2 Raw filament
X, 1mm nozzle (%) 2.80 10.32 15.78 0.21
X, 0.4 mm nozzle (%) 1.48 5.41 13.31 i

samples cold down homogeneously [52]. The heating cycles imposed
by the 3D printing process increase the degree of crystallinity of the
PLA, up to a maximum of ~ 15%, however, the 0.05 mm layer height
configuration still results in a fully amorphous polymer. These values
are in agreement with previous findings which report that overall
crystallisation rates of PLA in homogeneous conditions are relatively
low [51]. When printed with the smallest nozzle the crystallisation
is globally lower with a bigger difference between the 0.2 mm layer
height and the 0.1 mm layer height. The degree of crystallinity cor-
relates with the ductility of the filaments. The higher percentage of
amorphous chains in the specimens with a 0.05 mm layer height justify
the increment of ultimate strain as reported in Fig. 8 and explain why
the mechanical properties of 0.4 mm are lower, despite the lower
porosity, see Fig. 5. These findings demonstrate the importance of
crystallinity over porosity to improve the mechanical properties of 3D
printed structures.

Fig. 20 plots the isothermal DSC curves at different temperatures.
Fig. 20(a) illustrates the change of the heat flow, Fig. 20(b) shows
the relative crystallinity according to Eq. (3) and Fig. 20 (c) plots the
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crystallisation speed obtained from equation (2). Lower temperatures
(e.g. 80 and 90 °C) require additional time to activate the crystalli-
sation process, but result in a higher crystallisation degree and speed
afterwards in comparison to higher temperatures, in agreement with
the findings by Balazs et al. [53].

The degree of crystallinity of the 3D printed samples depends on
the thermal history of each specimen, defined by the analytical model
described in Section 3. The left hand side of Fig. 21 provides the
warming process of the centre of the filament while crossing the nozzle
for the three layer heights, and the right hand side of Fig. 21 shows
the estimated temperature profile of the filaments while exiting the
nozzle for each configuration. The lowest temperature in the centre
of the filament is predicted for the largest layer height, 0.2 mm, and
the biggest nozzle diameter, 1 mm. The temperature gradient on the
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extruded filament varies for each layer height as a result of the different
volume flow rates to ensure a constant printing speed for all the
configurations. Hence, the largest layer height (0.2 mm) requires the
fastest volume flow rate, so the processing time (the period of time that
takes the filament to cross through the nozzle) is not sufficiently long
to warm up the centre of the filament, which barely reaches 140 °C
for the biggest nozzle size. In the same way, the smallest layer height
(0.05 mm) requires a volume flow rate slow enough to heat the filament
homogeneously for both nozzle diameters, with a negligible drop in
temperature in the centre of the filament, from the original 225 °C
to 224 °C for the biggest nozzle size. The nozzle diameter also has
an impact on the temperature gradient achieved in the filament. The
heat transfer is more efficient for smaller nozzle sizes as the processing
time is longer and the volume of material is lower. As a result, the
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0.4 mm nozzle achieves relatively homogeneous filament temperatures
meanwhile large gradients are appreciated for the highest nozzle size
and large layer height.

The mean temperature at the end of the nozzle, T,, is used as
input of the interlayer heat transfer model to analyse the thermal
history of the 3D printed specimens. Fig. 22 compares the temperature
distribution and cooling time for all the configurations once a new
filament (at level 0 mm in height) is deposited over the previous
layers measured in the centre axis of the nozzle. As the hot filament
contacts the previous layer it induces a superficial melt, welding both
layers together. The thermal inertia determines the thermal history of
the previously deposited layers, therefore, the thicker the layer height
and the higher the deposition temperature, the higher the temperature
achieved by the adjacent layers. The thinnest layer height (0.05 mm)
offers a limited capacity to reheat the previous layers above the cold
recrystallisation temperature. Fig. 22 shows that temperatures higher
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than 100 °C are only achieved at a maximum depth of 0.05 mm,
and for a period of time lower than 0.2 s. On the other hand, the
configuration with the highest thermal inertia (0.2 mm layer height
and 0.4 mm nozzle diameter) is able to increase the temperature of the
previous layers well beyond the cold crystallisation temperature up to
0.15 mm depth for a period of time longer than 1 s. These results are
in agreement with the study presented by Xia et al. [31], who found
that the volume of material involved in the heat exchange process was
proportional to the thermal inertia.

To predict the degree of crystallinity of the 3D printed compo-
nent, the thermal history was combined with the crystallisation speeds
according to Eq. (9). The heating cycles were replicated simulating
the deposition of a reference filament and 4 additional layers on
top every four seconds. Fig. 23 illustrates the time evolution of the
average temperature and crystallinity of the reference filament for
0.05 mm and 0.2 mm layer heights respectively, printed with the
1 mm diameter nozzle. The two horizontal lines represent the cold
crystallisation regime. As defined in the theoretical model, crystallinity
only increases if the cold crystallisation temperature is reached, and
it is directly proportional to the period of time within that region.
Thinner layer heights (e.g. 0.05 mm) impose high input temperatures
but very fast cooling rates. As a result, cold crystallisation is activated
3 times (the deposition of the reference filament plus two additional
layers on top), but its capacity to increase is limited, resulting in an
amorphous polymer, see Fig. 23(a). On the other hand, thicker layer
heights (e.g. 0.2 mm) exhibit large increments of crystallinity due to the
higher thermal inertia and the slower cooling rates, despite the reduced
number of crystallisation cycles, see Fig. 23(b). The same trends are
observed for the samples printed with the 0.4 mm nozzle.

Fig. 24 compares the predicted and experimental degrees of crys-
tallinity as a function of the layer height and nozzle diameter. The
model captures the main trend; an increment of crystallinity with the
layer height. It also captures the lower crystallinity degree exhibited
by the samples printed with the 0.4 mm nozzle as a result of the
fastest cooling rate of that set of printing parameters. The discrepancies
between the experimental results and analytical predictions are a result
of the initial assumptions and limitations of the numerical model. First,
the extrusion process has assumed no friction between the nozzle walls
and the melted filament. Improved accuracy of the temperature profile
at the end of the nozzle and a more precise prediction of crystallinity
can be obtained when incorporating that mechanism. Second, the con-
ductive thermal exchange between adjacent filaments on the same layer
has not been included. The implementation of that mechanism might
improve the accuracy for configurations with consolidated intra-layer
interfaces (e.g, 1 mm nozzle diameter and high layer heights). Finally,
incorporating the natural convection thermal exchange with the envi-
ronment might be relevant to simulate the printing process of large
components with long manufacturing timelines, since local temperature
might drop down to room temperature. Despite the limitations, the nu-
merical approach can be extended to analyse the processing of different
semicrystalline thermoplastic polymers, including PEEK or Nylon, and
additional manufacturing processes such as compression moulding and
resin infiltration.

5. Conclusion

The mechanical response of 3D printed components manufactured
in carbon black reinforced PLA has been characterised. The influence of
different printing parameters (the layer height, the nozzle diameter and
the printing direction) has been analysed experimentally. Furthermore,
a theoretical model has been developed to study the thermal history,
predict the crystallinity of the polymer and understand the influence
of each printing parameter in the final mechanical performance. It
was found that the mechanical response was driven by the regular
filament/void mesostructure and the degree of crystallinity of the 3D
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printed material. As a result, each configuration exhibited different
deformation and failure mechanisms.

Best mechanical properties in terms of stiffness and strength were
obtained for the configurations printed at 0° direction with the biggest
nozzle (1 mm diameter) and the smallest layer height (0.05 mm). These
samples exhibited the lowest porosity, showing the relevance of the
mesostructure in the mechanical performance. On the other hand, the
samples printed at 90° showed very poor mechanical properties as a
result of the inefficient welding of the intra-layer interface, eventually
showing no contact between filaments for low layer heights.

Damage tolerance of the 3D printed components was dictated by
the deformation and failure mechanisms, which differed for each con-
figuration. Samples printed at 90° failed due to intra-layer debonding,
resulting in a brittle failure mode. Samples printed at 45° presented
different failure mechanisms depending on the number of interfaces.
Configurations with a lower number of interfaces (e.g. 1 mm nozzle
diameter) exhibited filament brittle tensile failure and intra-layer fila-
ment debonding, leading to an overall brittle response. On the other
hand, samples with a higher number of interfaces (e.g. 0.4 mm noz-
zle diameter) presented an additional failure mode; through-thickness
inter-layer filament debonding. This additional mechanism promoted
filament rotation and realignment towards the loading direction, show-
ing improved damage tolerance. Samples printed at 0° failed due to
filament tensile failure and intra-layer filament debonding, however,
depending on the layer height, brittle or ductile fashions were found
due to differences in crystallinity of the 3D printed polymers.

The theoretical model provided valuable insight into the thermal
history of the manufactured components. First, the deposition temper-
atures for different layer heights and nozzle diameters were analysed.
It was found the smallest nozzle (0.4 mm) presented homogeneous
heating of the filament. Larger nozzle diameters and flow rates (to print
higher layer heights) resulted in heterogeneous temperature gradients
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of the filament profile at the end of the nozzle. Afterwards, the thermal
interaction between deposited filaments was studied. The 3D printing
process induced thermal cycles on the previously deposited layers. The
heat exchange process was driven by the thermal inertia, as a function
of the deposition temperature, the volume and the surface area of
the filament. All thermal cycles that induced temperatures above the
cold crystallisation temperature promoted the growth of crystalline
molecular structures. The configurations with higher thermal inertia
(e.g. 0.2 mm layer height) presented a slow cooling rate and a sub-
stantial increment of the degree of crystallinity. On the other hand,
lower thermal inertia (e.g. 0.05 mm layer height and 0.4 mm nozzle
diameter) resulted in a rapid cooling rate and amorphous structures.
The higher percentage of amorphous chains led to the ductile failure
of the filaments under tension observed in the configurations printed
with layer height 0.05 mm and tested along the filament direction.
At the same time, the higher degree of crystallinity provided by the
biggest nozzle diameter (1 mm) resulted in equivalent stiffness and
strength values regardless of the higher porosity in comparison to the
response of the samples printed with the 0.4 mm nozzle diameter.
These findings highlight the relevance of crystallinity over porosity
to improve the mechanical properties of 3D printed semi-crystalline
polymers. Furthermore, the numerical approach can be extended to
analyse the processing of different semicrystalline thermoplastic poly-
mers, including PEEK or Nylon, and additional manufacturing processes
such as compression moulding and resin infiltration.

This investigation provides the necessary engineering fundamentals
to design 3D printed components with tailored mechanical properties
for different applications. Stiffness and strength can be enhanced by
reducing the void content, increasing the crystallinity and aligning the
filaments towards the loading direction. Superior ductility can be also
reached by minimising the thermal inertia of the deposition process
to retain a higher percentage of amorphous molecular chains of the
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semicrystalline polymer. Furthermore, improved damage tolerance can
be achieved when printing along the +45° directions with smaller layer
heights and nozzle diameters to promote longer crack paths and higher
energy dissipation. Printing perpendicularly to the loading direction
does not offer any advantage in terms of mechanical performance and
should be avoided, and substituted by a non linear infill. These findings
will be applied in subsequent publications to design 3D components for
low-velocity impact applications.
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