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Abstract. Numerical modeling is one of the key components in the development
of digital twins of Additive Manufacturing (AM) processes, encompassed in the
concept of Industry 4.0. Numerical simulations also have a role to play in the
improvement of contemporary AM techniques, among which material extrusion
is very popular. Computational Fluid Dynamics (CFD) models have recently
proven successful for simulating the deposition flow in extrusion AM. Previous
modeling works using CFD have been able to predict the influence of processing
parameters on the cross-sectional shape of the printed strand, as well as the
mesostructure formation resulting from their deposition and fusing. The present
study focuses on using CFD simulations to quantify the waviness of a strand ex-
truded on top of a previous layer with an orthogonal print direction, which often
occurs when printing a part with a rectilinear infill pattern and alternate 0°/90°
raster angles from layer to layer. The variations in the strand width and thickness
of the second layer were found to depend on the strand-to-strand gap in the first
layer. The CFD model was also used to determine the interlayer penetration
depth, which enhances mechanical performances.

Keywords: Numerical simulations, Material extrusion additive manufacturing,
Computational fluid dynamics, Deposition flow, Interlayer contact.

1 Introduction

Material extrusion is one of the prominent techniques used for Additive Manufacturing
(AM). The concept of material extrusion AM consists in depositing a continuous strand
of material along a computer-generated toolpath, to build a part layer by layer. It has
successfully been applied with a broad range of materials, including several types of
plastics (thermoplastics, thermosets and rubber), hydrogels, ceramic pastes, molten
metals, concrete, etc. Depending on the material, different extrusion technologies have
been used: filament-fed extrusion, screw extruder, syringe extruder, and hydraulic
pump.

Some of the current challenges with material extrusion AM include the improvement
of the geometrical conformity (dimensional tolerance and surface quality) and mechan-
ical properties of the manufactured components. Generally, the parts manufactured by



material extrusion AM have porosities, and that reduces their mechanical performances
when compared to the equivalent parts manufactured by conventional methods (e.g.
injection molding) [1-3]. The porosity directly depends on the mesostructure formed
by the successive deposition of the strands, which is influenced by the printing param-
eters [4]. Moreover, the mechanical properties of the component are intrinsically linked
to the inter- and intra-layer bonds in the mesostructure [5-8].

A voxelized model of material deposition that is solely based on volume conserva-
tion was developed by Gleadall et al. [9] to predict the micro-architectures of 3D printed
scaffolds. A detailed flow analysis of material spreading during extrusion AM was pro-
posed in [10]. Computational Fluid Dynamics (CFD) simulations have been used in
[11-22] to model the deposition of strands. Du et al. [11] used CFD to analyze the ther-
mal field and morphology of a 3D printed thin wall of ABS. Comminal et al. [12] em-
ployed an isothermal Newtonian creeping flow model to investigate the influence of
the printing parameters on the cross-sectional shape of the strand deposited on a planar
surface. The numerical predictions of the model were later validated through experi-
mental measurements by Serdeczny et al. [13]. In a complementary study, the same
team [14] used a power-law shear-shinning model and showed that the numerical re-
sults were insensitive to the rheological model, confirming that the Newtonian creeping
flow assumption was a valid modeling hypothesis. The corner rounding and swelling
at turns was also modeled by Comminal et al. [15, 16]. Xia et al. [17-20] simulated the
deposition of multiple strands and layers, with a non-isothermal and non-Newtonian
fluid flow model. In their model, the deposited strands have the possibility to deform
under the pressure applied by the layers deposited on top of them. Several cases were
simulated, included the multi-layer deposition of parallel and orthogonal strands. In
contrast, Serdeczny et al. [21, 22] modeled the multi-layer deposition of parallel strands
with an isothermal Newtonian creeping flow model. Moreover, the mesostructure for-
mation was simulated by successive simulations where the previously deposited strands
were treated as solid bodies excluded from the flow domain. The cases of aligned and
skewed layers of parallel strands were considered. These simulations estimated the po-
rosity, surface roughness, and inter-/intra- layer contact areas, and agreed qualitatively
well with the experimental results.

The current work presents novel numerical analysis of the strand deposition on top
of a previous layer with an orthogonal print direction. This situation frequently occurs
when printing a part with a rectilinear infill pattern and alternate 0°/90° raster angles
from layer to layer. The numerical model is applied to investigate the influence of the
distance between the strands of the first layer on the waviness of the second layer, as
well as the interlayer penetration depth.

2 Numerical methods

This work uses the same modeling assumptions as in the previous works of Comminal
et al. [12, 16] and Serdeczny et al. [13, 22], but the numerical solutions are obtained
with a different numerical scheme, using the CFD software FLOW-3D® [23]. The flow



is modeled as an isothermal Newtonian fluid flow, which is governed by the continuity
equation and the momentum conservation equation:
V-u=0 (1)
ou

p(a+u-Vu>=—Vp+nV2u+pg )
where u is the velocity vector field, p is the pressure, p is the material density, 7 is the
dynamic viscosity, g is the gravity acceleration vector, and t is the time. The following
material parameters, p = 1000 kg/m3 and 1 = 1000 Pa-s were used. As discussed in [12,
13], the extrusion flow typically has a very low Reynolds number Re ~ 1073, corre-
sponding to the creeping flow regime. This means that the flow is virtually insensitive
to the material density and viscosity — as long as Re = pUD/n << 1, where U and D are
the characteristic speed and characteristic length of the flow, respectively (e.g. the ex-
trusion speed and the nozzle diameter). For that reason, the temperature-variation of the
viscosity is neglected, and the flow is solved as isothermal.

The material deposition was simulated inside a build volume of 5.6 x 1.1 x 2.0 mm,
along the X-Y-Z directions. The build volume contains the extrusion nozzle and the
substrate, which are both included as solid objects into the computational domain, as
shown in Figure 1. The geometry of the extrusion nozzle is a cylindrical tube with an
inner diameter D = 0.4 mm and a wall thickness of 0.25 mm. In addition, the top bound-
ary of the computational domain was covered by an upper plate with a hole coinciding
with the nozzle orifice. The substrate comprises a planar build surface and one layer of
parallel strands, previously printed on that surface. Six different strand configurations
of the first layer were used in the simulations. The different geometries of the first layer
were generated by duplicating the geometry of a single strand, obtained from a previous
numerical simulation of strand deposition [13] (case g/D = 0.8 and V/U = 1.0). All the
substrate geometries have the same layer thickness 77 = 0.30 mm (obtained for a nozzle
height H, = 0.32 mm), but different strand repetition distances S, varying from 0.4 to
1.6 mm. The 3D geometries of the first layer were extruded through the computational
domain along the Y direction. For the deposition simulations of the second layer, the
nozzle was positioned at the distance A, = 2H, = 0.64 mm above the build plane.

During the simulations, the extrusion nozzle moved along the X direction inside the
computational domain (thus a 90° raster angle with the first layer), with a constant
travel speed V' = 20 mm/s, while extruding material (in the Z direction) with a steady
volumetric flux U= 20 mm/s. The same values of the nozzle travel speed and extrusion
rate were used in [13] to simulate the deposition of the strand constituting the first layer.
Note that the upper plate (that moves together with the nozzle) is used for restricting
the material inlet to the nozzle, as the inflow boundary condition was applied to the
entire top surface of the computational domain. The computational cost was reduced
by placing a symmetry boundary condition on the transversal X-Z plane passing
through the axis of the nozzle. Thus, the actual computational domain included only
half of the nozzle geometry, and was 5.6 x 0.55 x 2.0 mm. A continuative outlet bound-
ary condition was applied at the other boundaries of the computational domain. More-
over, the no-slip boundary condition was applied to the surface of all solid objects.
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Fig. 1. Geometry of the CFD simulations. Computational domain delimited by the cyan box. The
front plane is a symmetry boundary.

The computational domain was meshed with a Cartesian grid that has a uniform grid
size of 20 pm. The governing equations of the flow were discretized with the finite
volume method. The partial blockage of the grid cells by the solid objects (i.e. the mov-
ing nozzle and substrate) was taken into account with the immersed boundary method.
In addition, the free surface of the extruded material was captured with the volume-of-
fluid method. The simulations used a single-phase solver that only resolved the flow of
extruded material, and neglected the surrounding air (in contrast with the previous
works [12-16, 21, 22]). An adaptive time step size was used and the total simulation
time was 0.27 s.

3 Numerical results

Snapshots of the extruded strand at different time points of the simulations are shown
in Figure 2, where S = 1.0 mm. The final shapes of the extruded strands in the other
simulations with different strand repetition distances S are also represented in Figure 3.
The strand of the second layer presents a wavy shape, which contrasts with the strands
of the first layer (deposited on a planar surface) that have a uniform width W, and thick-
ness 71; see Figure 4. The width W, and thickness 7> of the second layer strand are
functions of the position along the strand, as shown in Figure 4. The strand thickness
T>, corresponds the distance between the top of the first layer (represented by the dashed
red line in Figure 4b) and the highest point of the free surface of the second layer strand.

The variations in the strand size has the same periodicity as the strand repetition
distance. The minimum strand width W mis is located at the middle of the gaps between
the strands of the first layer, while the maximum strand width W max occurs on top of



the first layer strands, where the nozzle-to-substrate distance is the lowest. When mov-
ing along the second layer strand in the same direction as the printing head, the lowest
strand thickness 7> min Occurs at the end of every strands in the first layer (i.e. the be-
ginning of the strand-to-strand gap). Moreover, the largest strand thickness 7% max is
located at the beginning of each strand in the first layer (i.e. the end of the strand-to-
strand gap).
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Fig. 2. Free surface of second layer strand, printed on top of a first layer with a strand repetition
distance S = 1.0 mm. Snapshot every 0.02 s and at the final simulation time ( = 0.27 s).
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Fig. 3. Side and top views of the strand at the final simulation time, for different strand repeti-
tion distance S of the first layer. Axis units are in mm.



(b)

!2,111:\( TZ min

Fig. 4. Definitions of the strand dimensions. Top view (a) and side view (b). The red dashed line
represents the top of the first layer. The black dashed lines show the measuring region.

The maximum and minimum values of the strand width and thickness of the second
layer are plotted as a function of the strand repetition distance of the first layer in Figure
5. To avoid the end effects of extrusion starting and finishing, the dimensions of the
strand were only measured within the central region of the simulation domain, repre-
sented by the black dashed lines in Figure 4. For ease of comparison, the dimensions of
the first layer strands are also represented by the blue dashed lines in Figure 5. It should
be noted that the strand dimensions reported in Figure 5 are normalized by the nozzle
diameter (D = 0.4 mm), while the strand repetition distances are normalized by the first
layer strand width (W1 = 0.56 mm). The results show that the waviness (i.e. the differ-
ence between the maximum and minimum dimensions) of the second layer strand re-
mains limited when S/W; < 1. This is explained by the fact that the overlap in the first
layer strands makes the first layer closer to a flat surface. However, when S/W; > 1, the
waviness tends to increase with the strand-to-strand gap (i.e. the strand repetition dis-
tance) in the first layer.

The interlayer penetration depth J (defined as the distance between the top surface
of the first layer and the lowest point of the second layer, see Figure 4b) is reported in
Figure 6. The interlayer penetration depth is normalized by the thickness of the first
layer (71 = 0.30 mm), and according to the numerical results, the interlayer penetration
depth increases almost linearly with the strand repetition distance. Moreover, the max-
imum value 0/7T1 = 1 is attained when the second layer completely collapses into the
first layer and touches the build plate. This is visible in the case where S/ = 2.84.
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Fig. 5. Maximum and minimum normalized strand width W#2/D and thickness 72/D as a function
of the normalized strand repetition distance S/W1 of the first layer.

Normalized interlayer penetration depth
1

0.8 1

067

vl
i TI

0.4+

o9
n
2
s
tn
(FS]

1.5
SIw |

Fig. 6. Normalized interlayer penetration depth 6/71 as a function of the normalized strand repe-
tition distance S/W1 of the first layer.

4 Concluding remarks

This work presents a novel numerical simulation of the strand deposition on top of
a previously printed layer of parallel strands with an orthogonal printing direction. The
numerical model is based on the isothermal Newtonian creeping flow assumptions,
which have proven sufficient in our previous works [12, 13, 16, 22], to investigate the
influence of the printing parameters on the strand morphology and the mesostructure
of 3D printed parts.



The mechanical strength of 3D printed parts depends on the contact area between
the extruded strands, as well as the bonding strength of those contacts. The current CFD
model does not predict the bonding strength of the interlayer contacts, which, in the
case of thermoplastics, is a temperature-driven molecular diffusion process. Neverthe-
less, the isothermal CFD simulations provide information about interlayer contacts. The
numerical results show that the maximum strand width of the second layer and the in-
terlayer penetration depth — which both promote the interlayer contact between individ-
ual strands — increase with the strand repetition distance of the first layer. At the same
time, however, the number of interlayer contacts per unit length of printed strand de-
creases with the strand repetition distance, which needs to be taken into account to
evaluate the total interlayer contact area.

The main message of these numerical results is that printing layers with alternate
printing directions from layer to layer can result in non-uniform strands. Future works
should validate the simulated strand deformations with experiments. Finally, this type
of numerical simulations could be useful for improving slicer software and exploring
novel deposition strategies, toward more reliable and efficient material extrusion AM
techniques.

Acknowledgments. The authors would like to acknowledge the support of the Danish
Council for Independent Research (DFF), Technology and Production Sciences (FTP)
(Contract No. 7017-00128).
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